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PREFACE TO THE SECOND EDITION 


Kxpori(‘n(‘(' with Iht' fiir^ rdiiion })rovod that tho giouping of the subject 
matter simplifiiMl tli(' process of developing the studenc’s analytical ability. 

( V)nsequ(Titly, th(‘ sane- gf i eral arrangcanent of material has been retained 
while much of th(' ti^xt ha^ beem rewnitt^' to elarifv th(‘ more difhiTilt parts. 
TIk' old ehpjitei on Proportions of Mediums and Processes has been divided 
into twT) chapters and a '>ection on nonsteady-flow l)rocesses has been 
added. AKo, a st'clion on gas turbines now included in the chapter on 
Int(a-nal-(‘oinbusti('n-c‘iigin(‘ and Ga.'^-turbiiu' Processi's since the methods 
of analysis ai(‘ identical. 

Th(' hau'rgy lOijuation and its a])])Iication have beiai simplified by elimi¬ 
nation of the d(‘lta form (diffenaicc'^ of (altering or k'aving, etc., forms of 
energy). A furtlna simplification is made by assuming that all forms of 
energy ar(‘ })ositive in sign, thus (‘liminating th(^ U(‘cessity of observing 
math(‘matical convcaitions rc^garding signs wdien int(»grating expressions 
for wTirk or heat-traiisfcT arenas. 

The id(‘a of an imaginary envelope surrounding the apparatus or mediums 
focus(\s th(' stud('nt’s attention on the forms of (aiergy involved in the 
various processes. In all cas(\s the analysis goi^s ba(*k to the ICnergy 
p]quation for th(‘ iii*oc(‘s<' ratlK'i* than to sonn* (Hpiation or r(‘lation alnxidy 
dev(d()j)(Hl. 

Tabl(‘s of valuers of J(\(/T/T and jc^dT/T for gases have b(xai added 
and iK'W valu(\s for intei’iial ('iiergy r(*place th(‘ old values, this revision 
practically eliminating tlu‘ ihhtI for specific-heat equations in the evaluation 
of int('rnal ('iK'rgy and ('litropy of gases. No longc'r is it necessary or 
d('sirable to use PV^ — constant for solving adiabatic-is(‘ntroj)i(* proc(\‘^\ses 
sinc(' they may be soh ('d w ith tlu'se table's accurately and quickly. 

Deviation from p('rf('ct-gas conditions is intioducc'd in tlu' chapter on 
Properti('s of M(*(liiinis In* th(' us(' of th(' rc'sidual volume v and the com- 
pn'ssibility factor Z in PV = ZPT, Illustrative example's dealing with 
de'viatieins in (‘nthal})y and e'litropy with pressure are included in the 
appe'udix. 

idle chapter on Availability of Enen-gy has be'en appreciably amplified 
and clarified. The tre'atment of combustion }>roce'sses is a ivvision of 
that wdiieh appeare'el in the authe)r\s late'st edition of Internal Combustion 
PJngine's. A new’ ceimbustion chart for gas-turbine processes is included. 

Tlie chapter on Flow of Flui<ls include's matei ial dealing with supersonic 
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flow, Mach number, shock, jet and rocket propulsion, and thr^ Moody 
friction chart. The section on flow over blades now deals with compressor 
as well as turbine blades. Ram-ehamber and diffuser processes are 
included. 

More diagrammatic sketches of apparatus arrangement as well as 
illustrative examples have been introduced throughout the book. As 
many more exercises are included at the end of each chapter, not all of 
them can be solved in the time allotted for the usual course. Conse¬ 
quently, some of the more difficult ones should be omitted in order to give 
the student some experience with and appreciation of all the major sub¬ 
divisions of the subject. Some of the exercises indicate the type of 
original questions or problems that may be foimulated for quiz purpose's. 

More data on properties of mediums are tabulated in the appendix, 
including some on Freon-12, compressibility factors, and reaction data. 

The'symbol U is used for internal energy, and deg Rankine (°R) for 
deg F abs. The use of the negative expoiu'iit for dimensions (lb in.^^) 
has been abandoned in favor of the fraction sign (lb/in.-). The symbol 
lb/in.2 is used in preference to psia in order to make the studc'iit more* 
dimension conscious. 

Thus, the revision is practically a rewTitten book retaining that which 
has been found satisfactory, discarding that which is obsolete or unsatis¬ 
factory, and adding that which simplifies, improves, or extends the under¬ 
standing of thermodynamics and its application to engineering processes. 

The author is indebted to his colleagues D. R. Olson, B. R. Onuf, C. W. 
Phelps, and P. J. Waibler, to visiting professors A. D. Lewis, B. H. Spur¬ 
lock, and E. H. Stolworthy, and to G. H. Van Hengel for the many 
suggestions resulting from their experience with the teaching of much of 
the material contained herein, and to Henry Margenau, professor of 
physics, Yale University, for reviewing the chapter on Availability of 
Energy and for providing the material in the appendix dealing with th(' 
viewpoint of modern physics regarding the Characteristic Equation. 


New Haven, Conn. 
January, 1948 


Lester C. Ltchty 



PREFACE TO THE FIRST EDITION 


The subject of thermodynamics has so baffled the average student that 
it has acquired the undesirable reputation of being a most formidable 
subject in which only the gifted can understand and satisfy more than the 
minimum requirements. This reputation has been fostered, perhaps 
unconsciously, by the efforts of many teachers and writers of texts on this 
subject, who have introduced the ramifications that have mystified and 
led the student away from fundamental thinking. This text is an attempt 
to simplify the treatment, to strip it of many of the mathematical manipu¬ 
lations for which there is no excuse except to obtain an equation into 
which data can be substituted without fundamental analysis, and to con¬ 
solidate the treatment into logical groupings from a stand])oint of thermo¬ 
dynamic analysis rath('r than mc'chanical equipment. It is also an attempt 
to establish a b('tter balance between vapor and combustion processes, 
since the latter usually are neglected. 

All of th(' energy terms are introduced in the beginning so that through¬ 
out the text the student should analyze each process with regard to all 
the various forms of energy. Two of the three energy terms obtained by 
integration are s('t up to satisfy mathematical conventions. Thus, 

AW - Woik„„t - W()rk,n = 

Jv\ 

which will be positive and indicate Workout when V 2 is greater than Vi, 
and vice versa. Also, depending upon the state of the medium, 

AE = Ei- E, = r^iT) 

J Ti 

w^hich will be positive and indicate an increase in Internal Energy when 
T 2 is greater than Ti, and vice versa. 

With the foregoing convention, 

i*S2 

AQ = Heatout ~ Heatm = — f TdS 

J Si 

for the reversible process, which will be negative and indicate Heatin when 
^"2 is greater than >Si, and vice versa. 

The properties of vapors and gases are developed in the same chapter, 
dealing first with one state and then the other in the same section, showing 
the underlying principles to be the same, and developing a comprehensive 
attitude regarding the state of a medium. Some problems range from one 
state of a medium into another and necessitate the use of data for both 

vii 
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the vapor and gaseous states, as as a consideration of the diflFerent 
bases for the properties of the two states. The student should be taught 
that there is no fine line of demarcation between these two states, but that 
they merge gradually, and that the relationships for media in the gaseous 
state are very unreliable unless the condition of the medium is such that 
the Enthalpy and Internal l^nergy are very nearly functions of the 
temperature only. 

The availability of cmergy is approached from the broad viewpoint of 
the possibility of transfoimation of all forms of energy into Mechanical 
Work, leading up to the Heat-Work availability which is so important in 
this subject. The effect of Heat transfer and fluid friction is treated 
extensively in this chapter, the text having dealt with reversible processes 
only prior to this section. 

Both engine and compressor cycles are analyzed by the application of 
the same principle and, consequently, are treated in one chapter, rather 
than in separate chapters for different types of mechanical equipment or 
for different media. 

The combustion process is treated primarily from a standpoint of 
Chemical Energy, which is one of the terms in the Energy Equation. It 
should be observed that heating value appears in the Energy Equation 
only upon manipulation, which in some cases is necessary. 

The internal-combustion engine process is not a thermodynamic cycle 
and should never have been treated as such. It is a combustion process 
dealing with the liberation of Chemical Energy in a mixture of fuel, air, 
and clearance products, in which variable spc^nfic heats and chemical 
equilibrium are important factors. With the present knowledge of these 
factors there is little excuse for the air-standard analysis, and no student 
should leave this subject with the erroneous ideas instilled by the use of 
only this mythical analysis. 

The flow of fluids through orifices and nozzles, over both moving and 
stationary turbine blades, through turbines, and through pipe lines is 
logically treated in one chapter de^aling with flow. 

Throughout the text, the analysis leads to the development of simple 
fundamental relationships, which are not combined or manipulated in 
most cases to the point where they lose their significance and become 
merely formulas into which data can be substituted and a result obtained. 
No symbol for the conversion of energy units appears in any of the 
equations, it being understood that there is no equation unless the dimen¬ 
sions of all terms of an equation are the same. Thus the student is put 
upon his own responsibility to substitute only those terms which will 
make the equation dimensionally consistent. There are those who view, 
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the expression jPdV as being only pressure times volume change and 
therefore as having only the dimension of foot-pounds. However, the 
broader viewpoint is that it is an expressiou for Work which may be 
evaluated in any desired dimensions. 

While all the foregoing has been done with the objects of simplifying 
the treatment, of staying closer to fundamental reasoning, of making the 
student dimension conscious, and of forcing him to think, the teacher of 
this subject should do his part with original propositions, questions, and 
examinations which require the student to analyze and apply the com¬ 
paratively few and simple principles underlying this subject rather than 
substitute values and compute results. 

The development of the classical relations betweem the coordinates and 
properties of media are located in the Appendix. There are some who 
would prefer to consider this subject either befon' or immediately after 
the chapter dealing with properties of media. The author prefers to treat 
this subj(»ct after the study of th(' text. However, no studemt should leave 
a course in thermodynamics without being aware of this phase of the 
subject. 

Tables of data dealing with the properties of various media are also 
located in th(' Appendix rather than scattered through the text. Skeleton 
tables of more complete works are used, but most of th(' illustrative 
examples are d(\signed so that the data can be obtained from these tables. 
Various charts which facilitate computations are also located in the 
Appendix. Th(\se should not be used until after the student has been 
thoroughly grounded in the ])roperties of media. 

The author is very much indebted to the various sources of information 
from which data have been obtained and for which credit is given at various 
places in the text. 

New Hwen, Conn. 

May, 1936 


Lester C. Lichty 
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CHAPTER I 


THERMODYNAMIC MEDIUMS AND THEIR COORDINATES 

Thermodynamics. —^Thermod 3 mamics is a science whicii deals with the 
properties of mediums, energy, and energy transformations. It is the 
basis for the analy.si.s of energy transformations that may occur when a 
medium undergoes a change from one condition to another in any kind 
of process. Common processes are those of heating and cooling, the 
compression of a gas requiring an input of work, the obtaining of work 
by the expansion of steam in an engine cylinder, etc. Chemical reaction 
occurs in some processes, and several mediums may be combined into 
anoth(*r medium or other mediums, or a medium may be dissociated into 
other mediums. In both eases energy may be liberated or absorbed by 
the mediums undergoing the reaction process. 

Thermodynamics al.so indicates the possibility of obtaining work from 
the various forms of energy, proee.sses, and mediums. Consequently, it 
is moat important to have a clear conception of thermodynamic mediums 
and their defining coordinates. 

Thermodynamic Mediums. —All thermodynamic processes require the 
use of some medium or mediums. The medium is usually required to 
absorb or reject energy with or without chemical reaction, to serve as a 
carrier of the energy (except radiation) to or from some apparatus, and 
to do work or have work done on it. The properties of a medium should 
be such that the foregoing or desired proces.ses can be accomplished under 
the de.sired conditions. 

Some mediums are more desirable than others for a given process. 
Water is a very desirable medium for the jjower-generation process, since 
it readily absorbs heat, flows easily to the engine, and at reasonable tem¬ 
peratures will exert a pressure against an engine piston w'hilc it moves and 
permits considerable expansion of volume. Obviously, iron and wood 
are not desirable mediums for this process. 

For the artificial ice plant ammonia is a desirable medium since it will 
boil at temperatures below 32 F while at moderate pressures, and absorb 
heat from water as it freezes into ice. Also, ammonia can be condensed 
at atmospheric temperatures while under reasonable pressure. 

Air and a fuel are required for the internal-combustion engine process, 
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and the reaction of the oxygen in the air with the fuel results in gaseous 
products of combustion that readily exert a pressure on the engine piston 
and cause it to move. 

Thus, the various states of mediums ranging from solid to gaseous must 
be dealt with in the study of thermod 3 mamics. 

A medium in any state consists of many molecules, about 8 X 10^® per 
cubic foot of gas at atmospheric conditions. The molecules of a solid are 
restricted in motion to that of vibration about their mean positions. As 
the solid melts to a liquid, the molecules are free to move about with a 
motion of translation. In the vapor and gaseous states molecules are 
moving at random in all directions. 

The Defining Coordinates.—Although a medium consists of a great num¬ 
ber of molecules in motion, the description of which requires the use of 
statistical mechanics, the medium may be described by the effect of a 
given mass of its molecules on the walls of the confining chamber and on 
a temperature-measuring device inserted therein. Thus, the state or 
condition of a unit quantity of medium is defined by its volume, F, pressure, 
P, and temperature, T. It is customary to consider as a unit quantity 
of material either that amount which weighs 1 lb, or the molecular weight 
of the substance (1 7nole)* in pounds, both at sea level. 

A unit quantity of a solid or liquid, at a given pressure and temperature, 
will have a definite volume. An increase in pressure will decrease the 
volume slig^3^ while an increase in temperature usually increases the 
volume a small amount. A unit quantity of a gas may have various 
volumes, depending upon pressure and temperature. Experimentar evi¬ 
dence has shown that any two of the three coordinates determine the 
remaining coordinate of a given quantity of the medium. Thus, 

V = /(P,T), or P = /(F,r), or P = /(P,F) 

where / indicates function of or relation between the variables indicated. 

Volume.—The volume of a medium is measured in cubic feet (ft®) in the 
English system of measurements. For a unit quantity of a medium the 
measurement becomes cubic feet per pound weight (ft®/lb) or cubic feet 
per mole (ft®/mole), which, by definition, is the specific volume. The 
specific weight of a medium is the reciprocal of the specific volume and is 
expressed as pounds weight per cubic foot (Ib/ft®) or moles per cubic 
foot (molcs/ft®). 

Pressure.—A solid rests on a base and exerts a force on that base equal 
to its weight. This force may or may not be distributed uniformly over 
the entire base. In either case, the mean unit force, or pressure, is equal 

"'Ey definition the number of molecules in a mole is the same regardless of the medium. 
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to the total weight in pounds divided by the base area in square feet and 
is expressed in pounds per square foot (Ib/ft®). 

A liquid exerts a pressure on the base and against the sides of a con¬ 
taining vessel. At any given point in the liquid the pressure is the same 
in all directions, and the pressure at any point depends on the weight of 
the liquid above a unit area at that point. 

Thus, neglecting the compressibility of liquids 
(see Table V, Appendix) the pressure of a liquid 
in a tank varies in a straight-line relationship 
(Fig. 1) from zero pressure at the top of the 
liquid to a pressure P, at the bottom of the tank, 
equivalent to the weight of the column of liquid 
of unit cross section. (This do(\s not include 
the effect of the atmosphere that exerts a 
pressure on the surface' of the liquid.) 

A gas exerts a pressure against all the walls of 
a containing vessel. The pressure is caused by 
the bombardment of the walls by the molecules Pressure 

of the gas and is usually assumed to be the i —Pressure of liquid, 

same at every point in the gas. However, for gas columns of consider¬ 
able height or weight, the pressure varies for different positions in eleva¬ 
tion, being greater at the bottom than at the top of the container. Also, 
since gas is readil}" compressible, the relation between pressure and eleva¬ 
tion in a gas column is not a straight line. 

At any given position in a gas column (Fig. 2) 
assume the pressure to be P. At a slightly higher posi¬ 
tion the pressure will be P— AP, the decrease AP being 
equivalent to the weight of the element I^ht high and 
of unit cross section. Since the weight of any volume 
of gas is the product of the volume and the specific 
weight 

— AP = — lYwt = Mil X specific weight 

= A/i^/specific volume == ft X Ib/ft^ = Ib/ft^ 

^ The specific volume of a gas is a function of the pres¬ 

sure and temperature of the gas. The Equation of 
State for an ideal or perfect gas (PF = RT), which will be developed later, 
indicates the following relation: 




V = RT/P 


(1) 
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where V is the volume per unit quantity of medium, ft*/lb or ft*/mole, 
P is the absolute pressure, Ib/ft*, 

T is the absolute temperature, degrees Rankine (®R), and 
R is the gas constant which depends on the unit quantity of material 
involved; 53.4 ft-lb/(°R X lb) for air or 1545 ft-lb/(®R X mole)* for 
any ideal gas. 

Then, the decrease in pressure for the increase in height! is 

-AP = m/V = Aht X P/RT (2) 

and decreasing the increment of pressure and height to the limit, 

d{hi) = -RT(dP/P) (3) 

Assuming the temperature to remain constant and integrating, 

ht 2 ~ hti = RT In (P 1 /P 2 ) (4) 

Example.—A column of gas 2,000 ft high exerts a pressure of 10,000 Ib/ft* at the top 
of the column. The temperature of the gas is 500° R. The value of the gas constant 

is 50 ft-lb/(°R X lb). Determine the pressure at the bottom and 1,000 ft above 
the bottom of the column. 

hti ~ hh - RT In (P 1 /P 2 ) Eq. (4) 

2,000 - 0 « 50 X 500 In (Pi/Pi) 
ln(Pi/P2) « 0.08 
P 1 /P 2 = 1.083 

Pi » 10,000 X 1.083 =» 10,830 Ib/ft* 

At 1,000 ft above the bottom the pressure will be 10,408 Ib/ft*. The increment of 
408 lb/ft* pressure from the top to the 1,000-ft position is less than the increment of 
422 Ib/ft* from the 1,000-ft position to the bottom. The weight of the column of gas 
of unit cross-sectional area is 830 lb, since this is the difference between the forces 
exerted by the gas at the top and bottom of the column. 

Barometric Pressure.—The atmosphere surrounding the earth exerts a 
pressure on its surface equivalent to the weight of air above a unit area 
on the earth^s surface. The pressure at sea level is normally about 

14.7 lb/in.2, or 2,116.8 Ih/W 

being less at altitudes above sea level (Table III Appendix) and more at 
elevations below sea level. Also, weather conditions cause changes in the 
barometric pressure. 

At any altitude the barometric pressure is equivalent to the weight of 

♦ This is read *ffoot-pounds per degree Rankine per mole.’’ 

t It is seldom necessary to consider the variation in pressure with the height of a gas 
column in ordinary thermodynamic calculations. However, in the analysis of processes 
at* various altitudes on the earth’s surface or in aircraft, this effect on atmospheric 
pressure must be considered. See Barometric Pressure. 
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the column of air above the given position. This may be measured by 
determining the height of the mercury column that can be supported by 
the atmosphere. The customary procedure is to fill a glass tube, closed 
at one end, with mercury, and then invert the 
tube so that the open end is immersed in a mer¬ 
cury bath (Fig. 3). The mercury flows from the 
tube into the bath until the column of mercury 
is sufficiently high to balance the air pressure, 
a slight error being introduced by the pressure 
of the mercury vapor that forms in the tube 
above the column. It is obvious that the mer¬ 
cury column is being balanced by the pressure 
exerted by the atmosphere. Therefore, 

Atmospheric pr = 

Hg ht X Hg sp wt + negligible Hg vapor pr (5) 
or Atm pr, Ib/in.^ = 

Hg ht, in. X 0.491 Ib/in.®, 

0.491 being the weight of 1 in.^ of mercury. 

The atmospheric temperature (Table III) decreases with altitude from 
an assumed standard of 59 F at sea level to about — 67 F at about 35,000 
ft altitude. This indicates a decrease of about 3.6 F per 1,000 ft increase 
in altitude. Substituting for T, in Eq. (3), its equal in terms of height 
and sea-level temperature, and then integrating, results in an expression 

that can be used to estimate the barometric 
pressure at altitudes up to 35,000 ft. 

Measurement of Pressure.—Pressures 
slightly below or above atmospheric are 
usually measured with U tubes which are a 
form of manometer (Fig. 4). One end of 
the U tube is connected to a chamber con¬ 
taining the fluid exerting the pressure, while 
the other end is open to the atmosphere. 
A liquid in the U tube is displaced because 
of pressure difference, and the difference in 
elevation of the menisci of the liquid col¬ 
umns is a measure of the difference in pressure between the fluid in the 
chamber and the atmosphere surrounding it. Thus, 

Chamber pr = man pr + atm pr (6) 

Bourdon-tube pressure gages (Fig. 5) are used for measuring rela¬ 
tively low to very high pressures. The Bourdon tube, which is curved, 
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Fig. 4.—U tube or manometer. 
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fixed at one end, and closed at the other, is surrounded with air at atmos¬ 
pheric pressure. The fixed end of the tube is connected to the chamber 
in which the pressure is to be determined. The position of the free end 
of the tube is determined by the difference between the pressures inside 
and outside the tube. The indicating mechanism attached to the free 
end of the tube is set to read zero pressure with atmospheric pressure 
both inside and outside the tube. 

Very accurate measurements of pressure are made with piston pressure 
gages which are also used to calibrate Bourdon-tube pressure gages. The 

piston fits very closely the cylinder into 
which the pressure to be measured is 
transmitted. The piston is loaded with 
accurate weights until the weight of the 
piston and the weights balances the 
pressure exerted on the piston. The 
piston is rotated during measurements 
to eliminate friction effects. Thus, all 
pressures except atmospheric are meas¬ 
ured usually as pressures above or be¬ 
low atmospheric and arc called gage 
I)ressures. However, gage pressure is 
not a pressure but merely the differ¬ 
ence between two pressures. 

Absolute Pressure. —A manometer, attached to a chamber in which 
gaseous pressure exists, indicates that the algebraic sum of the atmos- 
pheiic pressure and that equivalent to the manometer column is required 
to equal the gaseous pressure. Consequently, the total or absolute 
pressure in the chamber is the sum of the measured pressure and the 
barometric pressure. Thus, 

Abs pr = gage pr + barometric pr (7) 

The absolute pressure is the pressure of the gas on the surrounding 
surfaces. Consequently, the absolute pressure must always be used in 
thermodynamic analysis. 

Example.—The pressure gage attached to a steam boiler indicates a pressure of 375 
Ib/in.* The barometric pressure is indicated by a column of mercury 30.4 in. high. 
Determine the pressure of the steam in the boiler. 

1 in. Hg = 0.491 Ib/in.® 

30.4 in. Hg = 14.9 Ib/in.* 

Abs pr « 375 -f 14.9 = 3S9.9 Ib/in.* 


Sca/e-.„ 


Cross-section 
of tube 


Flexible 
fube 



t...AUnk 
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to pipe 
or cylinder 

Fig. 5.—Bourdon-tube pressure gage. 
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Example.—The mercury manometer attached to a steam condenser indicates a 
vacuum of 29.2 in. Hg. Determine the pressure of the steam in the condenser when 
the barometer indicates an atmospheric pressure equivalent to 30.4 in. Hg. 

Since the mercury column indicates a pressure in the condenser less than atmospheric 

Condenser pr + manometer pr = atm pr 
Condenser pr = (30.4 — 29.2) in. Hg = 1.2 in. Hg 
1.2 in. Hg X 0.491 Ib/in.* per in. of Hg = 0.59 Ib/in.® a))s pr in the condenser. 

Temperature. —Temperature is a measure of the molecular activity of a 
medium. The actual molecular activity is not measured, but its effect is 
('valuated by the change in some property of fhe 
temperature-measuring medium, or instrument, with 
a change in molecular activity. 

A mercury thermom('t(‘r upon immersion in a hot 
fluid is in contact with the fluid molecules. The motion 
of the molecules in the hot fluid increases the molecu¬ 
lar activity of the glass and mercury of the ther¬ 
mometer until a state of thermal equilibrium is 
attained in the ideal case. The result of this increase 
in molecular activity is to expand the mercury very 
appreciably, and also the glass to a much less ex¬ 
tent. This net expansion, indicated by a change in 
position of the meniscus of the mercury column, pro¬ 
vides a means for measuring the temperature of the 
medium relative to certain arbitrarily chosen values. 

The medium in a gas thermometer (Fig. 6) may be maintained at 
constant volume and then will exert a pressure dependent on its state of 
molecular activity. The bulb of the thermometer is immersed in the 
medium the temperature of which is desired. A manometer attached to 
the thermometer bulb can be adjusted so that the volume of the gas 
remains the same regardless of the pressure. The change in pressure 
from a known condition provides another means for measuring the tem¬ 
perature of a substance, again relative to certain arbitrarily chosen values. 

Various other methods* involving electrical resistance changes, or ther¬ 
moelectric forces, are used to measure temperature, all of which depend 
on the change of some property of a medium with a change of molecular 
activity. 

In all cases the medium transfers heat to the thermometer, or vice 
versa, until thermal equilibrium exists in the ideal case. Thus, mediums 
in thermal equilibrium with each other are said to be at the same tempera- 

* See Zemansky, M. W., *^Heat and Thermodynamics,” McGraw-Hill Book Company, 
Inc., New York, 1943. 



Fig 6 —Elementary gas 
thermometer. 
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ture. Also, heat transfer will occur from the medium of higher temperature 
to a medium at lower temperature. 

Thermometer Scales,—Thermometer scales are based on values aro - 
trarily assigned to the freezing and boiling points of wuU'r at a 
of one standard atmosphere. The Fahrenheit (F) scale has 32 and 212 r, 
respectively, while the centigrade (C) scale has 0 and 100 C, respecti\e y, 
assigned to these points (Fig. 7). Obviously, 180 F is the equivalent of 
100 C but, in changing from the Fahrenheit to the cc'ntigrade tempeiature 

scale, 32 deg must be subtracted from the Fah- 
_2i2j622__J0^3T^ SlBcim renheit reading to determine the number of 
“ ■ point degrees above or belon the freezing point before 

converting the temperature to the centigrade 
scale. Thus, 

32 492 0 273 Ice 

. C = (100 180)(F-32) = (r>,<))(F-32) (8) 

In converting from cc'iitigradc' d('gr(vs to 
Fahrenheit, 32 d(‘g mu^t be added aftei tlie 
-g converbion is made. Thus, 

I I S' -I F = OC 5 + 32 (9) 

i 5 ^ 

-W ^ -2^3 0 Temperatures lover than the freezing point on 

~ . the centigrade scale and l)(‘lo\v zero on th(» Fah- 

Tig. 7.—Temperature scales i i • -v 

renheit scale are given negative values (rig. 7). 
Absolute Temperature.—The constant-volume^ gas thermometer pre.ssure 
indication varies directly with the temperature if th(* ga.s pre.ssure.s aiv low. 
The Equation of State for an ideal or perfect gas, Eq. (1), indi(*atesa 
straight-line variation of j^ressuro vith tdttiporatuw if tla* volume is held 
constant. This variation of pi^ssure with temperature indieate.s the 
possibility of an absolute Z(to temperature at zero pres.^'ure. Thus, 
extrapolation of the temperature-pressure variation of the gas thermom(‘tei 
between the ice point and the steam point may b(‘ used to evaluate the 
absolute zero temperature in degrees Fahrenheit or ciaitigrade below the 
ice point. 

The perfect-gas thermometer pr(\svjur(‘ at ihv steam point is about 
1.3661* titties that at the ice point. Extrapolation of these two values 
(Fig. 8) indicatos an absolute-zero temperature at about 491.7 F below 
the ice point. Thus, the absolute temperature on the Fahrenheit scale, 


Fig. 7.—Temperature scales 


♦ Actual gas<» approach the perfect-gas state as the pressure approaches eero 
Various determinations of this relationship with various gases at lower and lower 
pressures may be extrapolated to zero pressure to determine the value obtainable if a 
perfect gas were used. 
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usually expressed as degrees Rankine (®R) is determined by adding 
459.7 F (usually 460 F) to the Fahrenheit temperature (Fig. 7). 

International Temperature Scale. —An international temperature scale, 
adopted in 1927 by 31 nations, is based on the use of prescribed thermom¬ 
eters and measurements with these thermometers at the normal melting 
and boiling points of various substances. The international temperature 
scale agrees with the perfect-ga.s thermometer scale at the.se points, and 
interv(»ning tf*mperatures are determined from prescribed formulas and 
indications of the thermometer used. 



Fio. 8.—Kxtmp<*lation of gab thermoraoter pressure indications. 


EXERCISES 

1. A cylindncal tank having a base 10 ft in diameter, contains 40 tons of lubricating 

oil having a .‘Specific gra^ ity of 0,9 compareil to water at 100 F. Determine the pressure 
of the cni at the !)ottoiii of tin* tank, the s|)ecific volume, and the specific weight of the 
lubricant. Ans. 7.1 Ib/in.*; 0.0179 ft*/lb. 

2. A cylindrical tank with its axis in a horizontal i>ositk>n is full of water at 60 F. 

The tank is 20 ft in diameter and 30 ft long. Determine the total weight of water, the 
prebsure at the bottom of the tank, and plot the \oiume-hcight and pressure-depth 
relationships. .4ns. 5H9,000 lb; 1248 Ib/ft*. 

3. TIu* tank in Exercise 2 is filled with water. Determine the total force of the W’ater 

on one end of the tank. SruGEMio.v: Plot pressure and end area vs. height of tank. 
From this grapli determine and plot the pres.sure vs. the end-area relationship. Since 
force equals pn^sure time.s area, the J/* d.4 is the total force on the end of the tank. 
I'Aaluatc graphically the area beneath the curve on the P vs. .1 axis to determine the 
force. .4n«. 196,0001b. 

4. A tank has an end sectiim described by the following data: 


Height, ft. 
Wnlth, ft. 



1 2 i 

3 

. 1 

, 1 i 

6 

1 7 

S 

9 

10 

1 * '* 

6 5 

.*) 1 4 1 

1 ^ 


7 


9.0 


Determine graphically the total force on the end section if the tank is filled with water. 

5. A tank has an end section of an inverted isosceles triangle. The base and 
altiiutle are lM>th 6 ft. Dc^termine the total force against the end section if the 
is filled with water. Solve analytically and graphically. 
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6. The atmospheric temperature decreases about 3.6 F per 1,000 ft altitude above 
sea level. Assuming a straight-line relationship between temperature and altitude, 
determine the atmospheric pressure at various altitudes up to 40,000 ft, both with and 
without temperature correction for altitude. Atmospheric pressure and tenjperature 
at sea level are 14.7 Ib/in.* and 59 F, respectively. Plot pressure and temperature vs. 
altitude. 

7. Determine the pressure of the atmosphere in a mine shaft 10,0(K) and 20,(KH) ft 

l)elow sea level, if sea-level pressure is 14.7 l!»/in.' and the temjierature is 5t) F. Assume 
constant temperature. Ana. 21.3 ll»/in.*; 31 lb'^in.^ 

8. Plot the pressure-elevation data obtained from F.xc'icises 0 and 7. 

9. A gas column 500 ft high contains air under an abs{)lute pressure of 10,000 lf> m.^ 

at the bottom of the column. Detern ine the per cent of ditTen'ine between the pre.^- 
sures at the top and bottom of the column, assuming the perfeet-gas relationship. 'Phe 
temperature of the air is 40 F. A ns. 1.0 per rent, 

10. A tank contains a liquid having a speeifie gravity of 1.20 eomj)ared to water at 
60 F. The depth of the liquid is 100 in., there being a 10-in. air space above (he li(}uid. 
IVo gage gla.sses, A and B, are connected at one end into tiie litiuid space, tlie other 
end of A being connected into the air space above the liquid wliile the other end of B is 
open to the atmosphere. The liquid in B stands 100 in. above the top of the tank. 
Determine the pressure in the air space Barometric pressure is M.7 lb in.- 


Io io lo m. 


11. The oolumn li in Exercise 10 has .'»0 in. of water in it. Drau a .Nkeicli '■howniK 
the locution of the water provided if ‘oes not mix with the h(|uid in (h.- column: also 
locate the top of the column in B if tlic same j>rc.ssurc exists in the air .space in the lank 
as jn Exercise 10. What aasumptioas arc made in solvinp this [irol.lem? 

12. .4 conical column 21 ft high and having a louse 1 ft m diameter contains it) ft of 
mercury, 10 ft of water, and 1 ft of air. 'I'wo pr-ssurc gage.s arc located at the l.a.se of 
the oolumn one connc. ting directly into the column at this l.nel, the other Ik-iiik con- 

Kogc at the top of the ... 

13.“ib%T‘" ■•‘tmosi.heri,- pres.su,e i.s 

14. What will be the height of a water barometer for Exerci-ie 13-’** VIm. f,!" 

atmospheric pressure of 14.7 ib/in. 2 ? ‘ fnr an 

15. At 100 F water-vapoj pressure of about 0.0,-) lb/in,» „i|i exist above th'' 

column of the barometer in Exeicbo 14. U |,u( effeet will thi. L. “ 'be water 
the height of the water barometer in Kxerci.se 14? ^''IxTature l.axe u,M.n 

16. The pressure in a .steam l>oiler i.s 2.-,0 lb in 2 e ier Tl„. 1 . '' 

Determine the absolute pressure i.i the boiler l'aromet<>r i.s 2!».0 Hg. 

■ I*; P**'’**”'-'* ''■‘th each other but line B i I ’ 

right and 10 ft above line .4. A V tube is local^I ll 1 v 1 / " '»'» 

m it has a difference in level of 20 in The hich ^i l ^ **^^**^ mercury 

connected into the top of line while the 1* w I\ ‘ ' ‘ nianorueter is 

The low side of the mercury in the manometer is '<• 
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a. Determine the diiTcrence in the pressures in lines A and H, assuming the pipe 
lines and the connoeting lines to the manometer arc filled with H 2 O. 

b. Same as (a) except that the HjO in the connecting lines extends 20 ft above the 
center line of line A , and air occupies the remainder of the connecting lines, 

IQ, Compute the value of absolute zero on the Fahrenheit scale from the hydrogen- 
thermometer data given in the text. 

20. ('hange the following temp<»ratur4*s to equivalent values on the three other 
scales: -fiO F, -10 i\ and 200 K, 



CHAPTER II 


ENERGY AND ENERGY TERMS 

Thermodynamics deals with the various forms of energy and the trans¬ 
formation from one form to another. Consc^quently, in the study of this 
subject, it is essential that the various forms of energy be understood and 
that the terms applied to them be adhered to very rigorously. 

Energy. —A medium, in the solid, 
liquid, or gaseous state, is said to pos¬ 
sess energy when because of its posi¬ 
tion, motion, or condition it is capable 
of doing woi k or of producing an energy 
effect on other mediums. Thus, the 
energy of a medium, or a system of 
mediums, may be defined by the work 
or other energy effects that can be 
obtained from the various forms of 
energy possessed by the medium. 

This does not mean that under actual 
conditions all of the energy possessed 
by a medium can be transformed into 
work, but that under certain assumed 
ideal conditions all of the energy, theoretically as a limiting condition, 
could be transformed into work. 

Work. —Work W is defined as the product of a force and the distance 
through which it acts. A quantity of medium is attracted to the earth 
by the force of gravity. To lift the medium 1 ft above the earth's surface 
will require a force at least equal to that of the' gravitational attraction, 
and this force must act through a distance of 1 ft. More work will be 
required if the material is raised to a higher elevation, being directly pro¬ 
portional to the distance through which the force acts. Hence, 

Work = force X distance (1) 

The units of force and distance are the pound and foot, respectively^ 
which makes the foot-pound (ft-lb) the unit of work. Since work is a 

12 



Fio. 9.—Force-distanoc diagram for rolled 
spring 
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form of energy, one of the dimensions that may be used for energy is the 
foot-pound. 

In the foregoing illustration of work, the force may be assumed to’ be 
constant for most elevations considered. However, the force may vary 
with the distance as in the case of compression or expansion of a coiled 
spring. If the spring is designed to have the force vary directly with the 
deflection, the force is zero at the beginning of compression and is the prod¬ 
uct of the scale of the spring, in pounds per foot of deflection, and the 
deflection at the end of compression. The work done is equal to the mean 
force times the distance through which the variable force acts. 



Fig. 10.—Work diagram for car running at constant speed. 

Example.—Determine the work refiuired to compress a coiled spring a distance of 1 
in., if the scale of the spring is 6,000 Ib/ft deflection. 

The force required at the end of compression is 

1-in. deflection 6,0001b _ 

12 in./ft ^ ft deflection " 

WorU = 2J^^-lbX^-20.8fMb 

The force required for the compression of the spring in the foregoing 
example is plotted (Fig. 9) on rectangular coordinates, using force as the 
ordinate and distance as the abscissa. For any small increment of distance 
AL, the mean force is F, and the increment of work is F AL. This is also 
the increment of area beneath the path. 

The summation of all the small increments of area beneath the curve 
and the two limiting ordinates results in the total area which is equivalent 
to the total work of compressing the spring.* The mean force is that 

* It should be noted in this and other cases, where tlie amount of energy is defined 
as the product of one term times the change of another, that the area representing the 
quantity of energy is between the path describing the process and the axis used to 
indicate the coordinate or factor that undergoes the change. Although both terms may 
vary during a process, as illustrated in Fig. 9, the area between the path and the F axis 
does not represent the work since work is not defined as distance times the change in force. 
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force which if acting through the same distance would result in the same 
amount of work. This is obtained by dividing the work area by its length. 
This is obviously the average of the forces at the beginning and end of 
the process in the foregoing example. 

The force may vary in many ways with the distance through which it 
acts. The force required to propel an automobile varies with its speed 
as well as with the grade of the road. In traveling over a hilly course at 
constant speed the force will vary from a maximum up the steepest grade 
to a minimum down the steepest grade encountered. The work required 



V 

Fig. 11.—Evaluation of work of 
medium on a piston. 


to propel the car a given distance may be 
determined by plotting the force required 
against the distance travelled and evaluate 
ing the positive work areas (Fig. 10). 
The negative work area represents work 
done by the car on the brakes or in over¬ 
coming the various other friction effects, 
while maintaining a constant speed. 

A force always acts along a straight 
line, and its direction may vary appre(;i- 
ably, but the work will always be the 
product of the force times the distance 
through which it acts. 

Example.—The force F at radius r at the shaft 
of a machine acts through a distance 27rr per 
revolution. The work per revolution is 27rrF. If 


the force is variable, it can be plotted £is the ordinate against 27rr jis the abscissa, and 


the work evaluated as the area beneath the path. 


A medium, in the liquid, vapor, or gaseous state, may be used to exert 
a pressure against a piston in a cylinder. If the unit pressure is P and the 
piston area is A units, the total force on the piston is P X A. Now, if 
the piston moves through a distance L, the work done is P X A XL. 
However, the product of piston area and length of stroke equals the 
volume displaced or change in volume. Thus, 


Work = P • AF (2) 

= pressure X volume change 

Again, since work is the product of two factors, it may be determined 
by plotting the force exerted on the piston per unit area (pressure) as the 
ordinate, against volume as the abscissa (Fig. 11) and evaluating the area 
beneath the curve and the two limiting volume ordinates, either by graph¬ 
ical or mathematical integration. Thus 
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Rate of flow = wA/V, Ib/sec 

Plotting the various instantaneous rates of flow against time and inte¬ 
grating the area between the curve and the time axis (Fig. 13) result in 
the total weight of fluid passing the section in the given time interval. 

The instantaneous values of PV may be plotted against the weight of 
fluid that has flowed past the given section since the beginning of the 
process, and the flow work may be evaluated by the area (Fig. 14) be- 

Before release 



Fig. 16.—Evaluation of special case of nonsteady-flow work. 

tween the path describing the variation of PV and the axis indicating the 
amount of fluid. Thus, 

fwti 

Nonsteady-flow work = / PV dwt (6) 

y wti 

One common case of nonsteady flow is that of no flow at the beginning 
and end of the process but with flow in between. The release of a medium 
at high pressure from a chamber to the atmosphere and the reverse flow 
of the atmosphere into an evacuated chamber are illustrations of this type 
of process. . In the former case, the medium may be divided into two 
parts: A (Fig. 15), the part that will escape from the chamber when the 
valve is opened, and 5, the part that will remain in the chamber. 

When the valve is opened, part B exerting its pressure against part A 
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pushes it out of the chamber and the pressure in the chamber decreases to 
atmospheric. Part B does work on part A as shown by the area beneath 
the path indicating the change in pressure and volume of part B. The 
dividing line between the two parts is assumed to be an imaginary piston 
against which part B acts and which in turn acts on part A. 

Part A, after escaping from the chamber, occupies a definite volume 
Fa at atmospheric pressure. In occupying this volume, part A has pushed 
back the atmosphere and consequently has done work on the atmosphere 
amounting to PatmFA. In this analysis it is usually assumed that part A 
is contained in an imaginary envelope so that mixture with the atmosphere 
cannot occur. 

Potential Energy.—The potential energy, PE, of a body or quantity of 
medium is determined by its position above the earth ^s surface, or above 
any datum plane. Thus, the term potential energy of a medium is used 
exclusively for gravitational energy. This is at variance with the use of 
the term in mechanics (potential energy of a compressed spring) and in 
physics (intermolecular potential energy. Fig. 149). The potential energy 
of a medium is equal to the work that can be done by lowering the 
medium from the given position to the earth^s or other datum surface. 
The force is that due to the attraction between the earth and the medium 
and is equal to the weight of the medium. The elevation of the body 
above the datum surface is the distance through which the force may act. 
The maximum possible work is the product of these two factors and is 
termed the potential energy of the medium. For a unit weight of 1 lb, the 
potential energy in foot-pounds is equal to the elevation of the body in feet. 

Kinetic Energy.—Kinetic energy, KE, is the energy of a body associated 
with its motion. This is measured relative to the motion of the earth. 
It is equal to the work that can be done in bringing the body to rest. This, 
again, is equal to the product of the force required to stop the body and 
the distance through which it acts. 

The force of gravity can produce an acceleration of g ft/sec^ on a body 
of any weight if not influenced by any other forces such as air resistance. 
Thus, 


Force of gravity = mass X accel = 


wt 

y 


X (7 = wt of body 


Another force would produce a proportionately different acceleration of 
the same body. Thus, 


Force = — X accel 

g 
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Hence the work done in decelerating a body from an initial velocity to 
rest would be 


Work 


X deceleration ) X distance 


. j I ,. change of velocity dw 

But, deceleration = :- - —-— ^ = - 3 - 

increment of time dt 

and Distance = velocity X increment of time = w dt 

Thus, the increment of work is 


dW = 

/ wt 

dw\ 

)w dt = 

wt . 

(— X 
\ ff 

n) 

—w dw 

g 

W = 



/ 


/ — v) dw 

= wt{ 

^-) ft-lb 


J tvi 9 


\ 



If W 2 is zero, the work amounts to — wt» (w;i2/2gr), the minus sign in¬ 
dicating a decrease in kinetic energy of this amount. Thus, the kinetic 
energy of a body with a velocity of w ft/sec is 


KE = wt 


( 0 ^-" 


Example.—A train is traveling at the rate of 100 ft/sec. Determine the kinetic 
energy per ton of train weight. 

XE-«(g)-2,000 lb 

= 310,.559 ft-lb 


Internal Energy.—The internal energy, 17, of a medium is defined as 
the algebraic summation of the kinetic and potential energy of its mole¬ 
cules. Monatomic molecuk'S have motion of translation and molecular 
spin, the latter being negligible in amount of energy. Diatomic and more 
com])lioated molecules have motion of translation, external and internal 
rotation, and vibration of the atoms of the molecule. 

The molecules in a solid are closely arranged, and any attempt to com¬ 
press or expand the solid requires a force. Hence the force between the 
molecules is repulsive when close together and attractive when farther 
apart (see Fig. 149). Thus, the potential energy of the molecules is 
negative when close to each other. 

A coiled spring, when compressed, has stored in it a definite amount of 
internal energy as a result of the compression that changed the molecular 
configuration. 
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Spectroscopic analysis of vapor or gaseous mediums at various tempera¬ 
tures discloses the macroscopic state of the medium; from this information 
and the use of statistical mechanics the internal energy of mediums in the 
vapor or gaseous state may be computed. Internal-energy values obtained 
in this manner are more accurate than those obtained from the older 
classical heating experiments and resultant specific-heat equations, par¬ 
ticularly at high temperatures. (See the chapter on Properties of Mediums 
for information regarding the evaluation of internal energy by the heating 
method.) 

Internal-energy values for various mediums under various conditions 
are given in the Appendix. These values are measured above an arbitrary 
datum condition, at which the medium is said to possess zero internal 
energy, although its internal energy is far above zero at this condition. 
Absolute values of internal energy above the perfectly crystalline state 
of the substance at absolute zero temperature have been established for 
some mediums. 

Heat.—Internal energy may be transferred from one medium to another 
because of a temperature difference between the two mediums. This 
transfer of energy may be accomplished by conduction, convection, or 
radiation. The total energy transferred in this manner is called heat, Q, 
regardless of the fact that all of the energy transferred may not have been 
in the form of internal energy in the hot medium at the beginning of the 
process, or be in this form in the cold medium at the end of the process. 
A simple illustration of this is the heating of a gas at constant pressure. 
The gas receives heat which increases the internal energy of the gas, 
causing it to expand and do work on the surrounding medium or mech¬ 
anism. Some of the heat transferred remains as internal energy in the 
medium, but some is transformed into work and leaves the medium. 

Work may be dissipated easily by a friction process which results in an 
increase in internal energy of the mediums involved in the friction process. 
Joule proposed and conducted experiments to determine the relation 
between work and heat. These experiments consisted of the expenditure 
of a known amount of work in stirring water and the evaluation of the 
resultant equivalent heating effect on the water, its container, and other 
apparatus affected. Refined experiments of this nature indicate the 
mechanical equivalent of heat to be about 778 ft-lb/Btu. 

The dependency of the foregoing relationship upon the property of a 
medium and the attendant inherent experimental error led to the recom¬ 
mendation, in 1929 at the International Steam Table Conference, of 
defining the metric heat unit, the calorie, as being 1/860 watt-hr. This 
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defines the Btu as 778.26 ft-lb of energy and eliminates the necessity of 
further experimental determination of the mechanical equivalent of heat. 

Specific Heat. —The transfer of heat to or from a medium manifests 
itself by either a change in temperature or a change of state of aggregation 
{i,e,y from solid to liquid, or liquid to vapor state, or vice versa). Thus 
change of temperature is a measure of the addition or abstraction of heat 
from a medium when not undergoing a change of state of aggregation. 

Experience has shown that the amount of heat required for a definite 
change of temperature of a medium depends upon the quantity or weight* 
of medium involved as well as the nature of the substance. The amount 
of heat required to change the temperature of a unit weight of medium a 
unit amount, when a change of state of aggregation does not occur, is 
called the specific heat of the medium. Thus, 


Specific heat = 


heat transferred 


(unit wt) X (unit temp diff.) 


or, in symbols and dimensions. 


c = 


Q Btu 


{M lb or moles) (T 2 — Ti) deg. 


(9) 

( 10 ) 


Thus, specific heat, c, is Btu/(lb or mole X °F diff.). 

Heat transfer may occur during any process. When it occurs during 
constant-volume or constant-pressure processes, the symbols cv and cp, 
respectively, are used for the two specific heats. 


Example.—The specific heat of air at constant pressure and atmospheric temperature 
is about 7.0 Btu/(mole X diff.). How much heat is required to increase the tempera¬ 
ture of 1 lb of air 100 F at constant pressure? One mole of air is 28.97 lb. 


From Eq. (10), 


0 


McpHTi - Ti) 

1 lb 7 Btu 

28.97 Ib/mole mole X ®F diff. 
24.2 Btu 


X 100 F 


Variable Specific Heat.—The addition of heat to a monatomic medium 
results in an increase in the kinetic energy of translation of its molecules. 
According to the kinetic theory,! the kinetic energy of a monatomic gas is 
directly proportional to the product of P and V, The Equation of State 

* Weight is the force of attraction between the earth and the quantity of medium. 
Since the force and consequently the weight of a quantity of medium vary with altitude, 
weight and quantity of medium are synonymous only at a definite datum plane or 
altitude. 

t See any standard physics text. 
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for a perfect gas indicates that the product of P and V is directly propor¬ 
tional to the absolute temperature. Thus, the specific heat of a perfect 
monatomic gas is constant. The values of Cv and cp for such gases are 
3.0 and 4.986 Btu/(mole X °F diff.), respectively, for wide ranges of 
temperature. 

Diatomic gases and others with more than two atoms undergo energy 
increases because of heating that appear as translational, rotational, and 
vibrational effects. The latter two effects necessitate more heat addition 
per degree temperature rise as the temperature is increased. Thus, these 
gases have variable specific heats that increase with temperature, the 
difference between Cp and Cy being the constant 1.986 Btu/mole, for 
perfect gases (see page 54). Specific heats of actual gases vary also with 
pressure particularly at temperatures near those of liquefaction (see 
Appendix). At low pressures the specific heat of these gas(\s can lx* 
represented as a function of temperature alone. One common form of 
this relation is 

c = a + +/r2 (11) 

Another form is c = a + 6/T + f/T^ (12) 

where a, 6, and / are constants. 

For variable specific heat, Eq. (10) may be written* 

Q = r Me dT (13) 

jTt 

substituting the expression for variable specific heat and integrating 
result in the heat transfer for the given temperature limits. If Tz is 
greater than Ti, the heat transfer is into the medium and the symbol is 
Qin; if Tz is less than Ti, the heat transfer is out of the medium and the 
symbol is Qout* In both cases the heat transfer is considered positive in 
sign regardless of the result of the mathematical integration. 

Mean Specific Heat. —The heat required to change the temperature of 
a unit quantity of a medium is determined by a product of two terms: 
specific heat and temperature change. Consequently, heat transfer may 
be evaluated on a rectangular diagram (Fig. 16) using specific heat as the 
ordinate and temperature as the abscissa. The jc dT represents not only 
the area beneath the curve but also the heat transferred to or from the 
medium for the temperature change indicated by the temperature limits 
chosen. 

* The formulation of energy tables for various mediums has eliminated much of this 
use for specific heat data as will be seen later in the text. 
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Dividing the area by its length results in a mean height which is called 
the mean specific heat. Thus, 

Mean specific heat = c„ean = m n, (14) 

i 2 — i 1 

Obviously, the product of the mean specific heat and the temperature 
difference for which it was determined is equal to the heat required to 
change the temperature of a unit quantity of the given medium only 
through the specified temperature difference. 



Fig. 10 —HtMit cluiRram. Spocifie heat vs. temperature. 

Latent Heat. —When a pure substance undergoes a change of state of 
aggregation, the h(\at required to cause the change is termed the latent heat. 
The change of state may be from solid to liquid, or liquid to vapor, or vice 
versa, but in any case the process occurs at constant temperature. This 
eliminates the possibility of using the specific-heat concept for this process. 

The term latent heat implies that the heat added to cause the given 
change remains hidden in the medium undergoing the change. Although 
most of this energy does remain in the medium undergoing change of state, 
some energy appi'ars as work done on or by the enclosure surrounding the 
medium undergoing the change, because of volume increase or decrease, 
resjiectively. 

Heat Diagrams and Entropy. —It has been shown that the heat trans¬ 
ferred to or from a medium can be ri'presented by an area on a specific heat 
vs. temperature diagram if the temperature of the medium changes with 
the addition or abstraction of heat. Thus, heat transfer depends on the 
path representing the process. However, a latent-heat pi-ocess cannot be 
represented by an area on this diagram since T does not change and c is 
infinite according to the definition of specific heat. 
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An area on a P-F diagram represents work. It is the product of P and 
AF, the former being an intensity factor and the latter indicating a change 
of a quantitative factor. If heat transfer is to be represented by an area 
on a diagram, it must be represented similarly by an area that is the 
product of two factors, an intensity factor and a quantitative factor. 
Temperature is an intensity factor indicating the possibility of heat 
transfer in a similar manner to that by which pressure indicates the 
possibility of work. Then, if heat transfer Q is to be represented by an 
area, using T as the intensity factor, 

Q = T X A (second factor) (15) 


where T is the ordinate, and the second factor is the abscissa of the diagram 

on which the area is to be evaluated. Then, 



- AS^/,60 - 
Entropy 

Fig. 17.— T-S diaKrum of constant- 
temperature heating process. 


Second factor = 


Q Btu 


= AS (16) 


The term entropy change* AS, has been 
given to this second factor. Its dimensions 
as indicated in Eq. (16) are Btu/(lb or mole 
X ®R) whichever quantity of medium is con¬ 
sidered. The heat transfer required to change 
the temperature or state of M lb or moles of 
material would be M times that required for 
a unit quantity. Consequently, the entropy 
change varies directly with the quantity of 
material. 

All heat-transfer processes may be classified 
as follows: 


1 . The temperature does not change with heat transfer. 

2. The temperature changes with heat transfer. 

In the first case, Eq. (16) becomes 

S2- S^^ Q/T 


(17) 


Example.—The latent heat of H 2 Q at 164 F is 1000 Btu/lb. Determine the increase 
in entropy in changing 1 lb of H 2 O from liquid to vapor at this temperature. 

_ Q _ 1000 BtU/db 1 c/l T3X //ll OT>X 

-Si Ai - ^ 4tjO)°Il “ X 


A sketch of this process on the T-S diagram results in a rect ang ular 
area for Q (Fig. 17). 

In the second case, the heat added may be evaluated from the specific- 
heat relationship. Then, 

* It should be noted that this definition of entropy is elementary yet fundamental 
to the portrayal of heat-flow processes. The more significant meaning of entropy will 
be discussed later in the chapter on Availability of Energy. 
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and, 


AS « = 


Me ^T 


S 2 


CTt 

- Sa = / : 

jTi 


T 

Me dT 


(18) 

(19) 


Example.—Determine the increase in entropy and heat added to 1 lb of H 2 O in being 
heated from 40 to 340 F, assuming a constant specific heat of c = 1 Btu/(lb X ®F). 

r SOO^R jrp £^Q 

1 X 1 X ^ = In ^ « 0.470 Btu/(lb X °R) 

^SOO^R T 500 

Also, Q = Mc{T 2 - r,) = 1 X 1 X (8(K) - 500) « 300 Btu 


A plot of this process on a TS diagram 
(Fig. 18) results in a curve that is concave 
upward. It should be noted that with con¬ 
stant specific heat the change of entropy per 
degree change of temperature is less th(' 
higher the temperature. The area beneath 
the curve, between the limiting ordinates 
and down to absolute zero temperature, 
reprc'sents the 300 Btu of heat transferred 
to the medium during the heating process. 

With variable' specific heiit the expression 
for c in terms of T must be substituted 
before integration. 

Example.—Determine the entropy change for 1 
mole of CO 2 in being heated at constant pressure 
from 40 to 340 F. The specific-heat equation {>er 
mole of CO 2 , as given by Sweigert and Beardsley 
(Appendix), is 



Fi(,. IS. T-S diagram of heating 
process. Note values for a 5 for 
100 V increments. 


CP = 10.2 - 6.53 X W/T -1-1.41 X 10®/7"* 
Substituting this expression for c in Eq. (19) and integrating result in 


[ “isoom 
10.2 In T -f 6.53 X W/T - 0.705 X W/T^ 

JsOO^R 

Substituting the limits results in 

S 2 - = 7.014 - 4.897 + 1.718 = 4.435 Btu/(mole X °R) 


The path of the process with variable specific heat is similar to that with 
constant specific heat, but with less curvature of the path because of more 
heat being required per degree at the higher temperatures. 

Entropy, like internal energy, is usually measured above, or below, an 
arbitrarily chosen datum plane or condition that is assigned a value of 
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zero entropy. When heat is added, the entropy of the medium increases; 
when heat is rejected, the entropy decreases if fluid-friction effects are not 
present.* For a frictionless process the area beneath the path represents 
the heat transfer into or out of the medium, depending on the direction in 
which the process is moving on the T-aS diagram. Obviously, a friction¬ 
less adiabatic process, in which there is no heat transfer, is representc'd by 
a vertical line on the TS diagram. 

Although the foregoing method of evaluating heat transfer by an an^a 
on a T-S diagi’am is valid for any given frictionless process, it remains to 
be proved that entropy is a point function that can be used as a coordinate' 
to describe a medium since, in the foregoing, entropy change is evaluated 
by the quotient of a quantity Q that depends on the path and a coordinate' 
T, Consequently, no assurance is given in this development that entropy 
is not a function of the path, although later (Chap. VII) it is shown to be a 
point function and can therefore be used as a coordinate. 

Radiant Energy. —Radiant energy is transferred from one medium to 
another by electromagnetic waves of various fr('qu('ncies. These' waves 
may be produced in various ways, one of which is by the application of 
heat. Actually, all solids, liquids, and some gases c'mit radiant energy 
at any temperature, and the' effect of an increase in temi)erature is to 
increase the radiation very appreciably. 

A medium that radiates will also absorb radiant energy. The evaluation 
of the net radiation emitted or absorbed by a medium because of its 
temperature and that of the surrounding mediums is an involved piocess.f 
However, when evaluated, radiant energy is treated the same as heat 
transferred in or out of the medium considered. 

Chemical Energy. —When molecules of some mediums collide with each 
other under certain conditions, a reaction takes place that results in mole¬ 
cules of other substances. Such a reaction usually results in the liberation 
or absorption of energy because of the changes in bonding arrangements 
of the various molecules in combining or breaking up to form other mole¬ 
cules. This energy liberation or absorption is termed chemical energy. It is 
designated by the symbol C with a subscript indicating the reaction 
considered. 

The heat of reaction is the heat transfer required to maintain a constant- 
temperature reaction process or to return the products of the reaction to 
the original temperature of the constituents before the reaction. The 

* It will be shown in the chapter on Availability of Energy that friction processes 
result in an increase in entropy without heat transfer into the medium. 

t See McAdams, W. H., ‘^Heat Transmission,'^ McGraw-Hill Book Company, Inc., 
New York, 1942, 
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heat of reaction, like heat transfer, depends on the process (constant 
volume or pressure, etc.) while the chemical energy of the reaction depends 
only on the original and final bonding arrangement. Thus, chemical 
energy does not depend on the path but is a point function. Chemical 
energy will be equal to the heat value when the energy values of the 
mediums before reaction are equal to the energy values of th(» products 
after the process. (See the chai)ter on The Combustion Pro(*ess.) 

Electrical Energy.—Electrical energy is analogous to work or heat 
because it is the product of two factors, one of which is the electromotive 
force while the other is the quantity of electricity. Tne units of the two 
factors are the volt and the ampere-second^ respectively. Then 

Electrical (mergy = volts X amp-scc 
= watt-sec 

the watt-second being the unit of electrical energy. It is equivalent to 
0.738 ft-ll) of energy. 

In most thermodynamic processes electrical energy is transformed 
immediately into heat or into work and heat and may usually be treated 
as such. 

Energy Terms; Functions of State or Process.—The potential energy 
stored in an automobile on top of a given mountain is the same regardless 
of the road or path follow'ed in arriving at the mountain top. Likewise, 
it can be shown that the kinetic, internal, and chemical energy of a medium 
are determined by either the position, motion, or condition of the medium, 
irrespective of the manner or path by which the medium arrived at its 
position, motion, or condition. Thus, these forms of en(»rgy are said to 
be functions of the state of the medium, and consequently, only the state 
of the medium need be known to evaluate potential^ kinetic, internal, and 
chemical energy. Steady-flow work is also a function of the state since it 
is equivalent to the product of two coordinates, P and V, 

Work, heat, and electrical energy are each the product of two factors 
that are unrelated and vary independently of each other. The variation 
of these factors is illustrated when the process in question is plotted on a 
diagram using the two factors as coordinates. Also, it has been shown 
that the areas beneath such paths, when plotted according to the conven¬ 
tions indicated, are measures of these forms of energy. Thus, these 
energy terms are said to be functions of the path or of the process that the 
medium is undergoing. Consequently, not only the initial and final states 
of the medium but also the path of the process must be known to evaluate 
work, heat, and electrical energy. 

Energy Units.—It is apparent from the foregoing that a number of 



28 


THERMODYNAidICS 


different energy units may enter into a solution of an energy problem. It 
has been shown that the various energy units are related. Table I 
(Appendix) summarizes these relationships. 

It is fundamental that the dimensions of each term of an equation are 
the same. The use of symbols representing energy quantities, in setting 
up thermodynamic relationships, implies that the dimensims of the symbols 
make the relationship dimensionally consistent. The substitution of numer¬ 
ical values for the symbols necessitates the checking for dimensional 
consistency which can be done by substituting the dimensions with each 
numerical value. 


EXERCISES 

1 . The torque of an internal-combustion engine is 200 Ib-ft at 3,000 rpm. This 

indicates a force of 200 lb at a radius of 1 ft. Determine the horsepower developed 
by the engine at 3,000 rpm. Ans. 114 hp. 

2. The engine in Exercise 1 has 12 cylinders with a bore and stroke of 3.5 and 4 in., 

respectively. Each cylinder has one working stroke every two revolutions. Determine 
the mean effective pressure. Ans. 65.4 Ib/in.* 

3. A double-acting 10-in. bore and 12-in. stroke steam engine has a mean pressure 

of 150 lb/in.* abs acting on the piston during each working stroke. The other side of 
the piston is exhausting against a mean back pressure of 50 Ib/in.* abs. The piston 
rod is 2.5 in. in diameter. Determine the horsepower of the engine at a speed of 500 
rpm. Ans. 231 hp. 

4. A cylinder having a cross-sectional area of 1 ft* has a piston with a coiled spring 

on the side open to the atmosphere. Air is admitted on the other side of the piston 
until a pressure of 100 Ib/in.* gage is attained. During air admission the piston moves 
1 ft and compresses the spring a like amount, which is one-half the original length of 
the spring. The cylinder is then cooled from 600 to 300®R and the piston returns 6 in., 
reducing the force on the spring 50 per cent. Determine the work done by and on the 
piston, spring, and atmosphere. Ans. Work of gas on piston, 0,320 ft-lb. 

5. A medium has its pressure and volume changed so that the path describing the 
process is a circle on the P-V diagram. The center of the circle is at a pressure of 
100 Ib/in.* abs and a volume of 100 in.* The diameter of the circle represents a change 
in pressure of 100 Ib/in.* as well as 100 in.* Evaluate the work for a process that takes 
the point describing the medium around the circle. 

Ans. Win = 6,070 in.-lb; Wout =* 13,930 in.-lb. 

6. A cylinder has a cross-sectional area of 1 ft*. The piston is at the outer end of 
the stroke which is 2 ft. A medium at a pressure of 500 Ib/in.* abs is in the cylinder. 
The cylinder is covered with dry ice, and heat is transferred from the medium and its 
pressure falls to 100 Ib/in.* abs. The piston then moves 1 ft at a rate to maintain 
constant pressure of 100 Ib/in.® abs. Determine the work. Is it done on or by the 
medium? 

7. '.\^^linder 1 ft in diameter contains 1 ft* of gas at 100 Ib/in.® abs pressure, P\. 
A coiled wing is on the other side of the piston in the cylinder and is compressed to 
exert a pressure of Pi times the piston area so that the gas cannot move the piston. 
The stop at the end of the spring is backed off gradually reducing the compressibn on 
the spring so that the piston moves and the pressure falls slowly to 50 Ib/in.® so that 
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PiVi ■■ “ Py * constant. Was work done by or on the gas or spring, or stop, 

or both, and how much? Assume that the spring length increases 1 ft during the 
process. Ana. 10,000 ft-lb. 

8. Fifty pounds of gas per second flow through a given horizontal section of a 12-in. 
diameter pipe line. The gas pressure at the given section is 100 Ib/in.® gage. The 
barometer indicates an atmospheric pressure of 29.92 in. Hg. Evaluate any form of 
energy possible from the data given. Gas specific weight at section is 0.1 Ib/ft*. 

Ans. 8,250,000 ft-lb/sec; 315,000 ft-lb/sec. 

9. A 100-ft* chamber contains gas under a pressure of 500 Ih/in.^ abs. A valve at 
one end is opened and the pressure is reduced very slowly to 250 Ib/in.* Only half of 
the gas escapes to the atmosphere. Evaluate the work that the half of the gas re¬ 
maining in the tank does on that which flows out. The slowness of the process indicates 
that the gas temperature in the tank remains constant, and that PV — constant. 

Am. 2,495,000 ft-lb. 

10. Assume the data required and evaluate the work of the part of the gas that 
escapes from the chamber in Exercise 9. Why are the work values different in Exer¬ 
cises 9 and 10? 

11. The flow rate of a medium at a given section in a'pipe line increases from 10 to 
15 Ib/sec in 1 min. The pressure decreases from 100 to 50 Ib/in.^ abs while the specific 
volume increases from 1 to 1.5 ft®/lb. All changes plot as straight lines against time. 
Determine the flow work of the medium passing the section during the minute when 
the flow rate is increased. 

12. Water is being pumped upward through a 3-in. pipe. At one point the pressure 
is 62.4 lb/in.2 abs. At another point the pressure is 124.8 Ib/in.* abs. The specific 
weight of the water is 62.4 Ib/ft^. Evaluate the flow work per pound of medium at 
both points, and also the maximum possible PE change between the two points. 

Am. Flow work = 144 ft-lb/lb of HjO. 

13. How much difference in elevation will result in a change in potential energy 
equivalent to 1 Btu/lb of substance considered? 

14. Compute and plot the kinetic energy of a 2,500-lb automobile at various speeds 
from 20 to 100 mph. Assuming a coefficient of friction of unity between the tires and 
the road, compute and plot the stopping distances for the various speeds of the car. 

Am. 30.2 ft at 30 mph. 

15. Plot two curves on a graph indicating entering and leaving velocities (the coor¬ 
dinates of the graph) for a difference of kinetic energy of 1 Btu/lb of fluid flowing into 
and leaving the apparatus. Bange 0 to 1,000 ft/sec. 

16. Ten pounds of vapor in a chamber at a pressure of 1,000 Ib/in.* abs and a tem¬ 
perature of lOOO^E condenses at constant temperature while transferring 10,000 Btu 
of heat through the walls of the chamber to water which rises in temperature from 40 to 
540 F. Each pound of water receives 1 Btu of heat per 1 F rise. Determine the change 
of entropy of the vapor and of the water, and the net change in entropy. 

Am. Net change = 3.862 Btu/®R. 

17. The specific heat equation for gaseous H 2 Q is given in Table II, Appendix. 

a. Determine the instantaneous specific heat at intervals of 500 from 500 to 3000®R. 

b. Plot the results of (a) on a specific heat-temperature diagram. 

c. Determine the mean specific heat from 500 to 3000®R, both graphically and 
analytically. 

d. How does the mean compare with the instantaneous specific heat at 1750°R? 

18. Plot the path of the process in Exercise 1? on a temperature-entropy diagram and 
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compare the heat added, determined graphically, from 500 to 3000°R, with the result 
from the specific-heat relationship. 

IP. A medium does work on a piston while sufficient heat is added to the medium 
to maintain a constant temperature. The equation of this process is PF ~ constant. 
The medium is then cooled at constant pressure to the original entropy. Finally, the 
medium is compressed to the initial condition during which process no heat is added. 
Indicate by areas on diagrams the net heat added or abstracted and the net work done 
on or by the medium. 

20. Ice has a specific heat of about 0.5 Btu/(lb X °F diff.). Heat is abstracted 
from 10 lb of ice and its temperature is reduced from —60 to —260 F. Determine the 
heat abstracted and the change in entropy for the 10 lb of ice. 

21. A hot substance rejects heat at a constant temperature of 2000®R. All of the 
heat rejected by the hot substance is absorbed at constant pressure by a colder sub¬ 
stance which has an initial temperature of 1000°R and a final temperature of 2000°R. 
The specific heat of the colder substance is 1 Btu/°F diff. per the quantity used. Deter¬ 
mine the change of entropy of each siibstance and the net change, considering both 
substances. 

22. One pound of steam at *812 F and atm pressure is condensed at the same pressure 
and temperature. Latent heat of 970 Btu is removed during this process. The liquid 
water is then cooled from 212 to 32 F, which requires the removal of 180 Btu. The 
liquid water is then frozen at 32 F, which requires the removal of 144 Btu. Determine 
the total change in entropy. 

23. One pound of water at 200 F is in a container which is lowered into another con¬ 
tainer having 1 lb of water at 100 F. The heat transferred from the hot to the cold 
water is 50 Btu. The final temperature of both quantities is 150 F. Will there be a 
net change in entropy and if so compute it? If not, explain. 

24. Gas does work on a piston during an ideal adiabatic process (from 1 to 2); then 

it is heated (from 2 to 3) at constant volume to the original temperature; finally it has 
work done on it (from 3 to 4) while heat is abstracted until the final condition is reached. 
Si a= S^ for the process, and Indicate on diagrams the net work done and 

the net heat transferred. Indicate whether work is done on or by the medium and 
whether heat transfer is in or out of medium. 

25. A substance has no change in entropy but an increase in volume. 

а. Does any work occur? Why? 

б. Is any heat transferred? Why? 

26. Work is done by a gas on a piston while the gas temperature increases. Sketch 
diagrams of the process and indicate the work and heat areas. 

27. A gas in an engine cylinder has its volume changed from 1 to 2 ft* by piston 
motion, the gas pressure remaining constant at 100 Ib/in.^ gage. 

а. Evaluate any energy terms possible and describe them fully. 

б. Sketch the process on the T-S diagram. 

28. A closed chamber contains a medium. An electrical resistance wire is located 
in the medium. An electric current flows through the wire. What forms of energy 
must be dealt with? 

29. An automobile engine inducts air and fuel, which are mixed in the carburetor. 

o. What forms of energy must be evaluated ahead of the carburetor, and between 
the carburetor and the engine? 

h. What forms of energy leave the engine? 

30. A steam turbine is operating under usual conditions. What forms of energy 
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enter and leave the turbine? Draw a diagrammatic sketch of the apparatus and 
indicate where the forms of energy are evaluated. 

31. Air at a pressure of Pi, a specific volume of Fi, and a temperature of Ti flows 

steadily into the well-rounded entrance of a pipe line and then into a compressor. The 
conditions in the pipe line on the discharge side of the compressor are P 2 , Vs, and Ti—Tt 
being higher than Tt. At some distance downstream from the compressor the condition 
of the flowing air is Pa, Fa and being equal to Ti, The relation between P, F, and 

T per unit quanity of air is PF ^RT, in which H is a constant. Compare the flow work 
•it the three positions in the pipe line and state the source of the flow work in each case. 

32 . A gun fires a projectile vertically. What forms of energy must be considered? 

a. With the projectile leaving the gun? 

h. With the projectile at the top of its flight? 

r. With the projectile buried in the ground after descent? 

33. The gram-calorie is defined as 1/860 watt-hr. Show that this is equivalent to 
defining the Btu as 778 ft-lb. 

34. Check the foot-pound and Btu values for the horsepower-hour and kilowatt-hour 
units in Table 1, Appendix. 



CHAPTER III 


THE ENERGY EQUATION AND PROCESSES 

Principle of Conservation of Energy. —The various forms of energy that 
may be associated with thermodynamic processes have been defined in 
Chap. 11. These forms of energy, their symbols, and their definitions are 
summarized as follows: 

1. Potential energy, PE; energy of the medium because of its elevation 
above a given datum plane. 

2. Kinetic energy, KE; energy of the medium because of its motion. 

3. Internal energy, U; potential and kinetic energy of the molecules of 
the medium, including rotational and vibratory energy of the molecules. 

4. Chemical energy, C; energy liberated or absorbed because of chemical 
reaction. 

5. Work, W; work done by a medium on a mechanism or vice versa; 

fP dV, where P is the pressure of the medium acting on the 
piston or other medium; 

PV, flow work of a medium at a given section in a flow line 
when P and V are the conditions at the section. 

6. Heat, Q; energy transferred from a hot to a cold medium because of 
temperature difference. 

7. Electrical energy, EE; energy flowing into or out of the medium or 
apparatus by means of electrical circuits. This may be treated the same 
as heat. 

8. Radiant energy, RE; energy flowing into or out of the medivun or 
apparatus from mediums at higher temperatures or to mediums at lower 
temperatures. This may be treated also as heat. 

The universal experience with any of the forms of energy in any process 
indicates that the disappearance of a given amount of energj'^ of one form 
results in and coincides with the appearance of the same amount of energy 
in some other form or forms. A body falling in a vacuum undergoes a 
decrease in potential energy but gains an equal amount of kinetic energy. 
A chemical reaction results in a change in the chemical energy of the 
mediums involved, and this energy change appears as heat transfer be- 
between the reaction apparatus and the surroundings and a change in the- 

32 
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energy content of the mediums and the apparatus. The electrical energy 
supplied to an electric-light bulb disappears but reappears as heat transfer 
to the air surrounding the bulb and light energy radiated therefrom. 
Such experiences resulted in the belief that energy is indestructible or in 
the formulation of the Principle of Conservation of Energy and the First 
Law of Thermodynamics in the broadest sense. 

General Energy Equation. —The Principle of Conservation of Energy 
indicates that the sum of the energy that a medium possesses before a 
process and the energy added to it during the process must equal the sum 
of the energy that the medium possesses at the end of the process and the 
energy taken away from it during the process. Assuming that all the 
forms of energy previously listed* are involved in a general steady-flow 
process, the General Energy Equation is 

(\ + PEr + KE, + + PiPi + TFin + = 

(\ + PE, + KE, + V, + P,V, + TFout + Qout (1) 

All the terms in this equation as written are positive values of energy. 
The mechanical work and heat-ti-ansfer terms are evaluat(‘d in ideal cases 
by areas that are assumed to be positive in sign regardless of the result of 
the integration of P dV or T dS, respectively. Thus, with the usual math¬ 
ematical conventions, 

- /p dV and Tfout = JP dV (2) 

while Qin = /P dt^ and Qout = — dS (3) 

Analysis of Processes. —All processes may be classified as follows for 
simplification of thermodynamic analysis: 

1 . Nonflow processes 

2. Flow processes 

а. Stcady-flow processes 

б . Nonsteady-flow processes 

In the analysis of nonflow processes all energy terms in the General 
Energy Equation are eliminated except C, [/, TF, and Q. Obviously, 
C is eliminated for nonreaction processes, and any of the other terms 
except U may be eliminated depending on the nature of the process. 

An imaginary envelope is assumed to be around the medium for which 
the Energy Equation is to be written. Diagrammatic sketches of the 
apparatus containing the medium before and after the process should be 
drawn. Also, P-F, or P-aS, or both diagrams illustrating the process 
should be drawn and work and heat areas should be indicated. 

* Electrical and radiant energ3z-are treated a» heat transfer^- , 
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Example.—A medium is confined in a steel tank and is at atmospheric temperature. 
The steel tank containing the medium is placed in a refrigerator and after some time 
is at the refrigerator temperature. Write the Energy Equation for the process. 

Assuming negligible change in volume of the tank on being cooled, the process is one 
of constant volume. The tank is the imaginary envelope around the medium and is 
indicated (Fig. 19) both before and after the process. Heat is removed from the medium 
during the process. Assuming that chemical reaction does not occur, the Energy 

Equation for this process is 

U\ — t/z 4- Qout (4) 

The heat transfer out may be evaluated from the 
area under the path representing the process on the 
T-/S diagram, or from the spccific-heat relationship 


Before process 


Toink< 


^out 


After process 


Oout 


fT, 

“ir" 


McdT 


(5) 



Fig. 19.—(^onstant-volume 
coolinj!;. 

flow will be into the medium, and the Energy Equation is 


The medium in a nonflow process may change 
in volume during the process and do work on, 
or have work done on it by, a mechanism (Fig. 
20 ). 

Example.—Tligh-pressurc air at atmospheric tem¬ 
perature in a cylinder acts on a piston and moves it 
through a given distance. Write the Energy Equation 
for the process. 

Only Uf W, and Q terms are involved in this 
process. The medium does work on the piston and 
undergoes a decrease in temperature. Thus, any heat 


Cl + Qin = f /2 + Wout (6) 

The work done by the medium on the piston may be evaluated from the area beneath 
the path representing the process on the P-F diagram if the pressures plotted are those 
of the medium acting on the piston. 

In the steady-flow process the medium is flowing at the same steady mass 
rate into and away from the apparatus in which the process is occurring. 
An imaginary envelope around the apparatus (Fig. 21) cuts the pipe lines 
at point 1 where the fluid is flowing into or toward the machine and also 
at point 2 where the fluid is leaving the machine. The envelope also cuts 
the lines indicating energy in transition (work, heat, etc.) to or from the 
medium as it passes through the machine. The condition of the medium 
flowing at points 1 and 2 remains constant, which indicates that flow work 
in = PiVi and flow work out = P 2 V’ 2 . 

If a chemical reaction does not take place in the apparatus, being 
indicated by the same medium leaving as entering the apparatus, the C 
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terms are omitted In many cases the potential and kinetic energy changes 
are small and may be neglected Obviously, this depends on the per cent 
of error introduced in the result by the omi'^sion of these terms Also, the 
IJ and PV terms are usually added in such cases, and the sum is termed 
the enthalpy Finally, in many proce^‘=!es 
only one form of work and heat transfer is 
involved 

Example Vir flovss steadily through a motor- 
driven air compressor A\rite the Imergy L(iua- 
tion for the process 

The iindginary envelope may surround only the 
air compiessor (1 ig 22) No (hemic il k letion 
occurs, the PI and KE terms may be assunud 
negligible Ihc U terms aic always present 
steady flow indicates tlie PV tern s, and work is 
required to dn\e the compressor The compres¬ 
sion process raises the air temperature, and he it 
trinsfcr occurs from the compressor to the sur¬ 
roundings Thus 

r 1 + 11 “f" itin = r^2 + ^■* 2 ! 2 + c^out (7) 

Since I P\ - IJ 1 q (7) becomes 

III + VI In = II2 ■+■ C^out (8) 

which IS the 1 neig\ 1 c|U ition for the air com- 
luessor process 

If the imaginary en\elope suirounds the clcctru 
motor also, the LI in to the motor would be sub¬ 
stituted for the Win term Ihet^out teirn then 
would repiesent the he it losses from the air corn- 
pi essoi and the electric motor 

The usual iionsteady-flow process has no flow at both the beginning and 
tlie end of the process, but has flow occurnng during the process. 

Example.—A tank initialh (ont uns a gaseous medium at a high pressure and atmos¬ 
pheric temperature A part of the gis is permitted to esc ipe slowly from the tank to 
the suirounding atmosphere Write the Pmergy Lquaticm for the process 

Ihe envelope is placed around the part for which the Lnergv Ecjuation is desired 
In Fig 23 it IS placed around the g is that escapes (part A ) both before and after escaping 
The internal energy of gas A is Ui before escaping and U 2 after escaping During the 
escaping process, gas B, which remains in the cylinder, expands and does work on gas A 
\lso, gas A pushes back the atmosphere and does work on it at constant pressure 

The heat-transfer effects arc not very obvious Howe\ er, the last part of A to escape 
undergoes considerable expansion and does work on the earlier parts that escape This 
reduces its temperature Consequently, heat transfer w ould occur from the surrounding 
atmosphere to the tank and into the part of gas A in the tank while the other parts of it 



lie 20—Nonflow cxpiiision process 
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are escaping. If part A after escaping is at a mean temperature above atmospheric, 
heat would flow out of A to the surrounding atmosphere. Since the gas is not flowing 
at the beginning or at the end of the process, the KE terms are omitted. Thus, the 
Energy Equation for part A is 

+ Wboh a 4“ Oln^ “ Oout^ (9) 




Fig. 22.—Motor-driven compressor. 


The work of part B on A may be evaluated from the P-V diagram (Fig. 15) repre¬ 
senting the pressure-volume change for part while the work of part A on £he atmos¬ 
phere may be evaluated from the other F-F diagram representing the pressure-volume 
change of the atmosphere. It should be noted that the atmosphere has been displaced 
by an amount equal to the final volume of part A, 

Thus, the Energy Equation for part B is 

+ Qvns + WBon A (10) 

Also the Energy Equation for the entire quantity of medium involved is 
-f f?ln VtA 4- UtB WA on atm 4“ Qout 


( 11 ) 
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It should be noted that the Energy Equation is written for a definite amount of 
medium; consequently all terms and dimensions refer to that quantity of medium. 
Also, the sum of the Energy Equations for the various parts of a medium results in the 
Energy Equation for the total quantity of medium. Thus, adding Eqs. (9) and (10) 
results in 

Ui^ + 4- Q\n^ 4 Qxng = Ih^ -f 4 Wa on atm + Oout^ (12) 

which is identical with Eq. (11) since U^ * ^ Qm « f and 

C^out = Oout^. 

The nonsteady-flow process may be one of variable rates of flow into and 
out of the apparatus. In such cases it may be nocessaiy to evaluate the 
various energy terms dependent on flow in a manner indicated in Figs. 
13 and 14. 



Fig. 23.—Nonsteady-flow process. Fig. 24.—Constant-pressure piocess. 


Enthalpy.—In the steady-flow analysis in which the flow work is equal 
to PVj attention has been called to the practice of combining corresponding 
U and PV terms, for the same conditions of medium, and representing the 
sum by H, the enthalpy. Thu.s, 

H = U + PV (13) 

and enthalpy is a function of the state or condition of the mediunq, since 
it is the sum of an energy term that is a function of the state of the medium 
and the product of two of the coordinates that indicate the state. 

The term H appears in the Energy Equation only for steady-flow 
processes with two exceptions^ the nonflow and the nonsteady-flow constant- 
pressure processes in which cases it is introduced by manipulation. The 
Energy Equation for the nonflow constant-pressure process (Fig. 24) is 

"t” Qxn ^ U2 TFout 

for increasing volume, or 


Ui + IFin = U 2 + Qout 


(16) 
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for decreasing volume. In the former case 

W^out = P(F2 - Vi) = PV 2 - PVi (16) 

Since the pressure is constant, the PVi term may be added to ?7i, and the 
PV 2 term to t/ 2 , and Eq. (14) becomes 

H, + = H 2 (17) 

It should be noted that a value for H may be computed for any condition 
for a given medium and is listed in Tables of properties of various mediums 
for various conditions. However, H appears in the Energy Equations 
only for the cases indicated. 

General Method of Process Analysis. —The analysis of a thermodynamic 
process usually consists of determining the Energy liquation for th(' 
process, evaluating the known energy tcTins, and solving the Energy 
Equation for the unknown term. The Energy Equation for the proc('ss 
can be determined and solved only if the process is understood. Conse¬ 
quently, the following st^3s should be followed: 

1. Draw a simple diagrammatic sketch which indicates the general 
nature of the process. 

2. Draw an imaginary envelope around the apparatus through which 
steady flow of a medium or mediums is occurring. If the process is other 
than one of steady flow, draw the imaginary envelope around the medium 
to be analyzed both before and after the process. 

3. Indicate the forms of energy entering or leaving the apparatus with 
the medium or mediums involved, in a steady-flow proc(\ss, or the forms 
of energy associated with the medium or mediums at the beginning and 
also at the end of the process for a nonflow or nonsteady-flow process. 
Also, indicate the forms of energ 3 ^ that enter or leave the medium during 
the process. 

4. Draw P-F and T-S diagrams of the process. Work and heat terms 
may be evaluated by areas on these diagrams in all ideal or reversible* 
processes. 

5. Write the Energy Equation for the process. 

6. Evaluate the known energy terms and solve the Energy Equation 
for the unknown value. The evaluation of the various terms in the 
Energy Equation and its solution depend on a knowledge of the thermo- 

* In general, only ideal or reversible processes are dealt with in the first six chapters. 
These terms are used here and elsewhere, although not defined until Chap. VI1, 
merely to warn the student that there are friction or irreversible processes to be studied 
later for which the usual areas on the P-V and T~S diagrams do not represent the work 
or heat items, respectively. 
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dynamic properties of the medium or mediums involved. These are 
developed and applied to solutions in the following chapters. 

Negligibility of Energy Terms.— In many processes some form or forms 
of energy are present but are of small value. These may be neglected 
only if their elimination does not seriously change the result of the analysis, 
and this depends principally on the process. A difference in elevation of 
77.8 ft between the entering and the leaving fluid in a steady-flow process 
indicates a difference of 77.8 ft-lb or 0.1 Btu/lb of medium flowing. This 
would be negligible if the proce,ss in question indicated a solution for work 
or any other energy term amounting to 100 Btu, since the error in neglecting 
the potential energy terms would bo 0.1 per cent. However, for the case 
of a falling body the difference in the potential energy terms is the maximum 
possible kinetic energy obtainable, and consequently the potential energy 
terms could not be neglected. ♦ 

All steady-flow processes have kinetic energy of the fluid associated with 
them. In many cases these terms may be neglected. However, the same 
criterion as indicated in the foregoing should be applied in determining 
the negligibility of these as wcill as any other terms. 

In general, each (inergy term, for which data are available, should be 
evaluated before elimination fi*om the Energy Equation. 

EXERCISES 

Analyze the following processes by drawing diagrammatic sketches of the apparatus 
involved and P~V and T-S diagrams of the process. Indicate the areas representing 
work and heat-transfer values where possible. Indicate the ent'igy terms that are 
omitted because of negligibility of amount. 

1. A body is released from an airplane in flight. Write the Energy Equation 
(a) for the body beginning with the instant of release from the plane and ending just 
before reaching the earth. C'onsider the air that is affected by the falling body. (6) 
Also for the ca.se when the body has come to rest on the earth for the end of the process. 

2. A closed sled cylinder is filled with a gas at atmospheric temperature. Electrical 
energy is supplied at a constant rate to a resistance clement in the gas, and the tem¬ 
perature of the gas rises to an equilibrium temperature. Write the Energy Equation 
for the gas (cr) for the period of time during which the temperature is rising, (h) fora 
period of time after the e(iuilibriuin temperature is attained (1) with current flowing to 
maintain equilibrium, (2) with circuit open. 

3. An electric heater is used to heat the air in an engine cylinder. Write the Energy 
Equation for the heating of the air from a low to the desired temperature while the piston 
moves and permits an increase in volume. 

4. A gaseous medium at high pressure is in an engine cylinder. Both the gas and 
the cylinder are at atmospheric temperature. The piston is allowed to move and the 
gas is expanded to a larger volume. Write the Energy Equation for the gas for (a) an 
extremely rapid expansion, (b) a comparatively slow expansion, (c) an extremely slow 
expansion. 
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5. A throttling device is a restriction to flow. A ^^cracked” valve (one that is 
opened only a small amount) is a throttling valve. The area of the valve opening is 
small compared to the pipe size. Flow is steady, and the process is to be analyzed 
from a point appreciably ahead to a point appreciably beyond the valve. 

6. An orifice or nozzle is a device through which a medium flows from high to low 
pressures. It might also he termed a throttling device. However, the nozzle is smooth 
and streamlined to facilitate the development of the highest fluid velocity. Write the 
Energy Equation for steady flow beginning with a point appreciably ahead of the nozzle 
to a point at the low-pressure end of the nozzle. 

7. Gas flows steadily through a long pipe line exposed to the atmosphere. Write 
the Energy Equation for the gas flowing through it. 

8. Steam at high pressure and temperature flows steadily to a steam tiu*bine. The 
steam leaves the turbine at a fairly high velocity after reacting on and doing work on 
the turbine blades. Write the Energy Equation for the steam starting with a point 
in the pipe line ahead of the turbine and ending with a point in the exhaust connection. 

9. A steel chamber is divided into two parts by a thin metallic diaphragm. On one 
side is a perfect vacuum; on the other side is a definite amount of high-pressure steam. 
The diaphragm ruptures, and the steam fills the entire chamber. Write the Energy 
Equation for the process, assuming no heat transfer to or from the chamber. 

10. An electric-light bulb is perfectly evacuated. A crack develops and air flows 
into the bulb. Write the Energy Equation for the following cases: (a) if the air fills 
the bulb very quickly, (h) if the air flows very slowly into the bulb. 

11. A bomb or constant-volume calorimeter is used to determine the calorific value 
of a fuel. Oxygen and the fuel react in the bomb, and the heat that flows to the water 
bath around the bomb is called the heat value at constant volume. This is evaluated 
on the assumption that the products of reaction are cooled to the temperature of the 
fuel and oxygen before the reaction. Write the Energy Equation for the fuel-oxygen 
mixture and products of reaction in the process. 

12. A constant-pressure steady-flow process is used for gas calorimetry. The gas 
and air flow into the calorimeter, combustion occurs, and the products of reaction are 
cooled to the initial temperature wh^ich is usually atmospheric. A steady flow of water 
through the calorimeter absorbs the heat of combustion. Write the Energy Equation 
for the fuel, oxygen, and products of combustion involved in the process; for the cooling 
water; and, for all mediums. 

13. Gas and air flow into a Bunsen burner. The mixture is ignited and flows away 
from the burner at a high temperature. Analyze the process by writing the Energy 
Equation. 

14. Air and gasoline flow steadily to a multicylinder engine, react, do work on the 
engine piston, and then leave as products of combustion. Analyze the engine process 
by assuming that an envelope surrounds the engine and cuts the various pipe lines and 
engine shaft. Then write the Energy Equation. 

15. A combustible mixture of gasoline and air is in an engine cylinder. The volume 
of the mixture at the end of the compression process is one-fifth of the volume at the 
beginning of this process. Ignition occurs at a piston position of 80 per cent of the 
compression stroke. Combustion has attained an equilibrium at a piston position of 
10 per cent of the expansion stroke. Write the Energy Equation only for the process 
from ignition to the combustion equilibrium. 

16. A gun is mounted to fire a projectile at an angle of elevation. Write the Energy 
Equation for the powder, the projectile, the gun, the air, and all together beginning with 
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the time immediately preceding the firing of the gun and ending with the projectile 
(a) at the end of the gun barrel, (6) at the top of its trajectory, (c) buried in the earth 
at the end of its flight. 

17 . Steam flows at a moderate velocity from a steam turbine into a condenser. The 
pressure in the condenser is considerably below atmospheric. Cooling water flows 
through tubes in the condenser and condenses the steam contacting the other side of 
the tubes. A pump is required to remove the condensed steam from the condenser. 
Write the Energy Equation for the steam and cooling water. 

18. Write the Energy Equation for a piston in a cylinder for the following cases: 
(a) during the compression process only for an air compressor, (6) during the expansion 
process only for an automobile engine, (c) during the (expansion process of air which 
initially is at high pressure and atmospheric temperature. 

19. Write the Energy Equation for a self-contained household electric refrigerator, 
for the air in a closed room containing the refrigerator, and for both combined. 

20. The fire has been dumped from a portable steam boiler which has been left 
standing in the atmosphere. Write liie Energy Equation for the boiler and its contents 
from the dumping of the fire until the boiler cools to atmospheric temperature. 
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PROPERTIES OF MEDIUMS 

Energy Terms Dependent on Mediums. —The solution of most thermo¬ 
dynamic processes necessitates the formulation of the Energy Equation 
for the given process and the substitution of quantitative values for the 
energy terms involved. Obviously, one of the energy terms can be 
determined from the solution of the Energy Equation when all the other 
terms are known. 

The method of evaluating some of the various forms of work as a force 
times the distance through which the force acts is illustrated for various 
processes in Chap. II. Both potential-energy and kinetic-energy values 
are based on this work concept, the former depending on the position and 
the latter on the velocity of the medium as a whole. 

The chemical energy associated with the change in electronic, atomic, 
or molecular arrangement is usually determined from the calorimeter 
process. This form of energy depends on the mediums and the nature of 
the change involved. 

The heat transferred can in some cases be evaluated from the effect on 
the medium receiving or rejecting the heat. This is possible whcm the 
medium involved is finite in amount and the heat transferred produces an 
appreciable temperature effect such as occurs with constant-volume or 
constant-pressure changes; or, in a change of state from solid to liquid, 
etc., at constant pressure and temperature. Also, the heat transfer may 
be evaluated from the T-S diagram for ideal cases. In other cases the 
usual method of evaluating heat transfer from heat-transfer coefficients, 
temperature difference between the medium and the surrounding or con¬ 
taining surface, the area through which heat transfer occurs, and the elapsed 
time must be used. In most problems of elementary thermodynamics the 
amount of heat transferred is given or is evaluated from the Energy 
Equation. In all actual cases, however, the heat transfer must be either 
given or evaluated by one of the methods indicated. 

It has been noted that internal energy of gases and vapors is now 
evaluated by the use of the spectroscope and statistical mechanics. How¬ 
ever, the heating method is used for the evaluation of internal energy of 
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solids and liquids, as well as the internal-energy change during a change of 
state from solid to liquid or liquid to vapor, or vice versa. 

Evaluation of Properties of Mediums. —The pressure (or temperature) 
and volume of a given quantity of medium uniquely indicate the condition 
of the medium. When H 2 O exerts a pressure of 14.696 Ib/in.^ and 1 lb has a 
volume of 26.80 ft®, the H 2 O is vapor at 212 F,* and any transfer of heat 
in or out will result in a rise in temperature or a condensation of some 
vapor, respectively, if held at constant pressure. Thus, at each condition 
of pressure (or temperature) and volume for a given quantity of medium 
there is associated with this condition a definite molc»*ular condition or 
internal energy. 

The evaluation of the internal energj^ of a medium could theoretically 
be determined by heating the medium from a condition at which Vi = 0 
to the desired condition and evaluating U 2 from the various energy effects. 
However, this would involve a number of difficultiest so that internal 
energy is evaluated above an arbitrary datum plane. The Energy 
Equation for the constant-volume heating process is 

+ Qin = r/2 (1) 

from which it is seen that the heat added is the increase in internal energy 
for the process. This process would be most desirable if it were possible 
to maintain the volume constant. This is practically impossible and has 
led to the adoption of the steady-flow heating process for the evaluation 
of internal energy. The Energy Equation for the process is 

Ui + PiEi 4- Oin = t /2 + P 2 E 2 (2) 

or //i + Qin =" H 2 (3) 

Thus, the increase in enthalpy is evaluated directly from the heat added 
during this process, and the internal energy is evaluated therefrom. 
Tables of properti(\s of mediums contain pressure, temperature, volume, 
enthalpy, and entropy data for a unit quantity of medium. In some 
cases internal-e'iiergy values are included but, in any case, the internal- 
energy value can he determined from the relation 

U = H - PV (4) 

Usually an arbitrary datum condition is chosen above and below which 

* See H 2 O tables in Appendix. The symbol H 2 O is used here and elsewhere instead 
of ice, water, steam, and gaseous H 2 O. Thus, no clue is given by the symbol as to the 
‘'tate ||f the medium, which must be determined by an examination of the conditions, 
which aro assumed to be those of equilibrium. 

t See footnote, p. 45. 



44 


THERMODYNAMICS 


H, U, and S are determined. (See the tables of properties of various 
mediums in the Appendix.) 

Heating a Medium at Constant Pressure. —^When heat is added to a 
medium in the solid state, in the presence of its vapor only, and under a 
low constant pressure, the temperature of the medium rises until the 
sublimation temperature is reached. Further addition of heat to the 
medium under the same conditions causes the solid to change into a vapor 



Fig. 25.— T-S diagram of constant-pressure heating curves for HgO, (Not to locale.) 

/ 


at this sublimation temperature. The solid disappears and the volume 
increases considerably during this process, which is one of constant pressure 
and temperature. A further addition of heat to the medium now in the 
vapor state, while being held at the same constant pressure, results in an 
increase in temperature above the sublimation temperature, and the vapor 
becomes superheated. 

The entropy changes for the three parts of the foregoing heating process 
can be computed* and the process plotted on a temperature-entropy 
diagram (see path AJSCD, Fig. 25). The path AB represents the heating 
of the solid, BC the sublimation of the solid to vapor, and CD the super¬ 
heating of the vapor. The heating process at a higher pressure* (P 2 ) 

* See the section on Heat Diagrams and Entropy in Chap. II. 
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results in a similar path but with slightly higher temperatures at given 
entropies along the heating path for the solid, a higher sublimation tem¬ 
perature, and also higher temperatures at given enti^opies along the path 
for the superheated vapor. A pressure (Pa), highor than pressure P 2 , 
results in path EFGHI, of which EF is similar to AB, but from F to G 
the solid is changed to a liquid and from G to H is changed from liquid to 
vappr. Path HI is similar to the superheating paths at the lower pressures. 

Most mediums undergo a change in volume in changing from the liquid 
to the solid state, or vice versa. Liquid H 2 O increases in volume while 
changing to solid H 2 O, which is commonly termed ice. An increase in 
pressure tends to prevent this increase in volume of water upon solidifying 
and consc'quontly lowers the freezing temperature. Thus the path for P 4 , 
which is a higher pressure, has a slightly lower melting temperature than 
P 3 . Addition of heat to the liquid at the melting temperature results in a 
temperature rise to the boiling point, corresponding to the pressure, at 
which temperature vaporization occurs and beyond which superheating 
takes place as in all the previous cases. The heating of H 2 O at a higher 
pressure Pr, results in higher temperatures in the solid region and a lower 
melting temperature than for P 4 . The Pb line intersects the P 4 line at M 
the minimum-volume temperature,* and has a higher boiling temperature. 

* This occurs at about 39.2 F for H 2 O at moderate pressures. The following Maxwell 
relation [Eq. (26) Appendixl may be used to prove the crossing of the different pressure 
lines: 

at any given temperature becomes 



At the minimum volume, (8V/ST)p « 0, and, consequently, there is no difference in 
entropy of the two j)rcssure lines at this temperature. Hence they must cross at this 
temperature. 

Bridgman has showm that the minimum-volume temperature is low^ered with an 
increase in pressure. (See Froc. Ain. Acad. Arts Sci., 47, 13, 441-558 (1912).] 

If absolute entropy is desired, the heating process is assumed to start at absolute zero 
temperature with the medium in the perfectly crystalline state. The entropy at this 
condition is aasumed to be zero according to the Third Law of Thermodynamics. Usually 
specific heat data are not available below about 22® R, and the entropy change is esti¬ 
mated from zero to this temperature from Debye’s Equation (see M. W. Zemansky, 
“Heat and Thermodynamics,” p. 239, McGraw-Hill Book Company, Inc., New York, 
1937} or the mean sjx^cific heat for this temperature range is assumed to be one-third of 
the specific heat at 22®R. 

In some cases the solid undergoes a transition at some higher temperature to a second 
form of solid, and further heating results in the changes indicated in the text. Thus, 
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The path for the critical pressure (Pr), at and above which the constat 
temperature vaporization or condensation process will not occur, is similar 

to the two preceding paths, there 
being merely a point of inflection at 
the critical temperature (Pc). Higher 
pressures result in paths similar to 
that for Pc but with less inflection than 
that of the critical-pressure path. 

Critical pressure and temperature 
data are given in Table IV, Appendix. 

T-S Diagram for Mediums with 
Characteristics Other Than Those of 
r. no rr Cl ^ f j u H 2 O.—Mediums that do not have a 

Fig. 26.—T-jS diagram for mediums having 1 . . i 1 

no volume chanae from solid to liquid states, minimum liqmd Volume Will not liave 

and an increase in volume of solid and liquid COnstant-SreSSUre lines crossing 88 
with an increase in temperature. .n 

at M in rig. 25. Also, pressure will 
not have any effect on the melting temperature if the volume of the solid 
is the same as the volume of the liquid at this temperature. Finally, the 
high-pressure lines will be above the low-pressure ones in the case of both 
solid and liquid if the volume inei eases with an ineiease in temperatun' 
under constant-pressure conditions. Mediums with these characteri<=?ties 
would have constant-pressure heating paths similar to those in Fig. 26. 

Mediums that have the foregoing characteristics with the exception of 
having a decrease in volume upon solidifying (such as CO 2 ) will have th(' 
melting temperatun^ increased with an increase in pressure (Fig. 27). 

Saturation Line. —A line connecting all the points indicating the begin¬ 
ning of vaporization of the solid at the various pressures is called the 
saturated-solid line, A definite pressure is associated with each point on 
this curve, the temfpeiature being the sublimation temperature for that 
pressure. A process following this path would not have any of the three 

the absolute value of entropy of a medium, which undergoes solid transition, melting, 
and evaporation may be evaluated fiom the following equation, the integrals being 
obtained graphically from plots of cp/T vs. T: 

_ /-M , ...AT , /■*■' , , H, , /•^’» , ,,,dT 

S = cp(soUdi)-jr -h rp(sobdi)-^ T\ Jr 


+ f; + /J<-caiquid)f + ^» + 


where subscripts t, m, and fg indicate solid transition^ meltfng^ and evaporaliont 
respectively. 
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coordinates P, V, and T held constant. Also the relations between the 
coordinates for this line are 

P = f{T) and V = /(P or T) 

The region occupied by constant-pressure lines to the left of the saturated- 
solid line is considerably expanded in area in Figs. 25 to 27, for the pressures, 
usually encountered, and is called the solid, subcooled, or compressed-solid 
region. 

The locus of all the points indicating the beginning of vaporization of the 
liquid at the various pressures is called the saturated-liquid line. The 



Fia. 27.— T-S diagram for modiums having an increase in volume from solid to liquid states, 
and an increase in v'olunie of solid and liquid with an increase in temperature. 


pressures at the various points on this curve* are also functions of the 
tenii)(*ratures, and the liquid volumes are functions of the pressure or the 
temperature. The region occupied by constant-pressure lines to the left of 
the saturated-liquid line is also expanded in area in Figs. 25 to 27, arid is 
called the liquid, subcooled, or compressed-liquid region. 

The locus of all points indicating the end of the vaporization or sub- 
limination processes is called the saturated-vapor line. The saturated- 
liquid and -vai)or lines are usually joined at the critical temperature by a 
smooth curve (Fig. 25), while the saturated-solid and -liquid lines are 
joined by the one melting line at the temperature and corresponding 
pressure at which the solid changes first to liquid and then to vapor upon 
the transfer of heat to it. 

Properties of Solids and Liquids. —^The solid and liquid regions (Figs. 
25 to 27) are similar, except for the peculiar characteristic of H 2 O in the 
small range from 32 to 39.2 F. Consequently, the treatment of the 
properties of the solid state will be similar to that of the liquid state for 
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which considerable data are available in the case of H 2 O. Table V, 
Appendix, contains the properties of H 2 O as prepared by Keenan and 
Keyes* Values of the specific volume F, internal energy J7, enthalpy Hj 
and entropy S are given for various temperatures both along the saturated- 
liquid line and along various constant-pressure lines. 

Example.—Determine the specific volume, enthalpy, and entropy of HjO at 1,000 
Ib/in.* pr and 600 F. Also for the saturat^'d condition at 1,000 lb pressure. On the 
left side of Table V, Appendix, the pressure of 1,000 lb will be found with the saturation 
temperature (544.61) below it. To the right of this and below the 500 F temperature 
indicated at the top of the table will be found 

V = 0.020368 ft* 11 « 487.68 Btu 
and S = 0.68730 Btu/°R 

The data for saturated H 2 O are given at the top for temperatures and at the right 
side for pressures. Consequently, at the right side, opposite the 1,000 lb on the left, 
will be found 

V « 0.0216 ft* 11 = 542.4 Btu and S « 0.7430 

The small differences in position of the saturated-liquid line and the 
various pressure lines, as indicated by the entropy values at any tem¬ 
perature, has led to the assumption in some cases that the saturated- 
liquid line and the various pressure lines up to their saturation temperatures 
are identical in position and values. Under some conditions this assump¬ 
tion is justifiable since little error is introduced. However, it may result 
in appreciable error for certain pressure and temperature ranges, as well 
as for certain substances.* 

Example.—HaO is heated under a constant pressure of 2,000 lb/in.* from 100 to 
600 F. Determine the difference between the heat added per pound of medium and 
the increase in enthalpy along the saturation curve between the two temperatures 
given. From Table V, Appendix, 

At 600 F and 2,000 Ib/in.* Hz * 614.5 Btu/lb 

At 100 F and 2,000 Ib/in.* //, = 73.3 Btu/lb 

For a constant-pressure process, Q,n ^ Hz — Hi = 541.2 Btu/lb 

At 600 F and saturation pressure Hz = 617.0 Btu/lb 

At 100 F and saturation pressure H\ = 68.0 Btu/lb 

For a saturated liquid process ff* — » 549.0 Btu/lb 

The two methods show a difference of 7.8 Btu/lb, the inconect method introducing 
an error of more than 1 per cent. 

The enthalpy of the compressed liquid or solid cannot he estimated by any simple 
assumption such as the following: 

* See Chart C, Appendix. 
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In the solid or liquid region, 

H -{-PV , (1) 

At the same temperature and at the saturated solid or liquid line 

Hf = Uf -f {PV)f (2) 

Now, assuming U =* U/f V « V/, and combining Eqs. (1) and (2) 

H ^Hf^(P ^ Pf)Vf (3) 



Fia. 28. — T-S diagram for ammonia indicating approximation for properties in the subcooled 

region. 


This indicates that II is greater than II/ if P is greater than P/ and, consequently, 
n lines in the solid or liquid region on the T-S diagram should slope downward to the 
left of the saturated line. An inspection of Chart C for carbon dioxide indicates this 
is true for only a small part of the liquid region and very inaccurate elsewhere. Thus, 
if energy \ alues for the compressed liquid and solid region are not available, the saturated 
values at the same temperature should be used rather than attempting to evaluate H 
in the compressed region by the foregoing inaccurate method. 

Applying Eq. (18), Appendix, to a constant-temperature process results in 

(S). - •'+’■(I?). <« 

Combining with Eq. (20), Apiieiulix, results in 



Thus, the relative value of the two terms on the right side of this equation indicates 
whether // increases or decreases along any given constant-temperature line. 

Example.—Determine the value to be used for H for ammonia at 100 lb/in.* abs 
and 0 F. 

The boiling temperature for this pressure is 56.05 F (Table X,* Appendix). The 
T-S diagram (Fig. 28) indicates that the condition in question is very much nearer the 
saturated liquid at 0 F than the saturated liquid at 100 Ib/in.* 

Hence, a value of /// of 42.9 Btu/lb (Table IX, Api^ndix) at T *« 0 F should be 
used since no data are available for the compressed-liquid region for ammonia. 
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Properties of Saturated Mediums. —^Tables of properties of saturated 
liquid and vapor usually contain values for the three coordinates P, V, 
and T, and values for internal energy U, enthalpy H, and entropy 8, for 
both the saturated liquid and vapor, as well as changes in these properties 
between the two saturation lines. This applies also to tables of properties 
dealing with the saturated solid-vapor region. The values of the various 
properties are either on the saturated-liquid or saturated-solid line, on the 
saturated-vapor line, or represent the change in that property between the two 
lines at a given temperature, the location being indicated by subscripts 
/ or i, g, and ig or/p, respectively. 

Example.—^Determine the volume, enthalpy, internal energy, and entropy of satu¬ 
rated H 2 O at both the liquid and vapor lines, at 700 Ib/in.* abs pr. 

lleferring to Table VII, Appendix, which is the H 2 O saturated liquid-vapor table 
based on pressure, the following values per pound of medium will be found for 700 lb pr: 


V 

11 

u 

s 

Saturated liquid 

0.0205 ft’ 

491.5 Btu 

488.8 Btu 

0.6925 Btu/m 

Saturated vapor 

0.()554 ft’ 

1201.2 Btu 

1116.3 Btu 

1.4296 Btu/°R 


In the second column in Table VII will be found the saturation temperature of 
503.10 F for 700 lb pr. The temperature nearest this in Table VI, Appendix, is 500 F 
for which almost the same data as above will be found. 

When vaporization is incomplete, the liquid remaining is saturated and 
its condition is indicated by a point on the saturated-liquid line while the 
portion that is vaporized is saturated and its condition is indicated by a 
point on the saturated-vapor line, both at the same temperature and pres¬ 
sure. It is customary to represent this condition by a point on the line 
between these two such that its location indicates the weight fraction or 
per cent of the medium that is vaporized. Since the vaporization process 
is one of constant temperature, the areas beneath equal increments of the 
line representing this process, on the T-S diagram, represent equal incre¬ 
ments of the various properties. Thus, each vaporization line may be 
divided into any number of equal parts, and each part will represent the 
same proportionate part of the change of any property. The S 3 anbol x is 
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used to represent the part of the vaporization process that has been com¬ 
pleted, and is termed the quality of the mixture of liquid and vapor, or 
solid and vapor. 

At any quality x, the volume of the vapor is xYg^ and the volume of the 
liquid is (1 —x)F/. The total volume per unit quantity is 


Likewise, 

or 

If 

+ 

(1) 

f/.= (l-x)U, + xU„ 

or 

U,= Uf 

+ xUf, 

(2) 

H,= {l-x)Hf + xH„ 

or 

Hf 

+ Xllf, 

(3) 

<Sx= (1 — a:)/S/ + xS„ 

or 

11 

Vs 

+ xSf, 

(4) 


Adding and subtracting V/y to and from the right side of Eq. (1), 

F, = y, - (i-x)y,, (6) 

Likewise, similar expressions may be written for Ux, Hxy and Sx* 

Example.—A pound of H 2 O is 50 per cent evaporated in the piesence of its o^\n 
vapor at a pressure of 100 Ib/in.^ abs. Determine the internal energy of the mixture. 

From Table VII, Appendix, at 100 Ib/in.* 

Uf « 298.08 Btu Ufg « 807.1 Btu Ug « 1105.2 Btu 

Using the first method, 

Ux ^Uf+XUfg 

= 298.08 + 0.5 X 807.1 = 701.6 Btu 

Using the second method, 

Ux = l\ - (1 - X)Ufg 

= 1105.2 - (1 - 0.5)807.1 = 701.6 Btu 

Critical Data.—The critical temperature is the temperature below which 
a medium can be condi'iised, ^.e., a gas can be compressed to a saturated 
vajior and then be condensed to a liquid at constant pressure. Above the 
critical temperature a medium cannot be made to undergo the foregoing 
condensation ])rocess, i.e., there is no ajiparent change of state as a mediun\ 
is compressed at constant temperature from the gaseous state to a condition 
of very high pressure. 

The critical pressure is the pressure below which a medium can be 
evaporated from a liquid to a saturated vapor, etc., during constant- 
pressure heating. A compressed liquid when heated at constant pressure 

* These expressions should be used when the quality of the medium is higher than 
0.5, while the other form should be used when the quality is less than 0.5 in order to 
obtain the more accurate results with slide-rule computations. 
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above the critical pressure does not undergo an apparent change of state 
as the temperature is increased from below to above the critical tempera¬ 
ture (see Heating a Medium at Constant Pressure, page 44). 

The foregoing definitions indicate that at the critical temperature and 
pressure the specific volumes of saturated liquid, V /, and saturated vapor, 
Fp, are identical. This volume is termed the critical volume. 

Critical temperature, pressure, and volume data are given in Table IV, 
Appendix. 

Properties of Superheated Mediums. —Tables of properties of super¬ 
heated mediums usually contain values of specific volume, F, enthalpy, 
Hj and entropy, aS, at various temperatures for various pressures. Values 
of internal energy, Uj can be obtained from the relation 

U ^ H - PV (1)* 

The difference in temperature between any superheated condition and 
the saturation temperature for the same pressure is called the snpcrheoL 
Thus if H 2 O is at 312 F and atmospheric pressure, the H 2 O is superheated 
100 F, since 212 F is the saturation temperature for H 2 O at atmospheric 
pressure. 

Example.—H 2 O at 200 Ib/in.* abs pr is superheated 519.21 F. Determine the tem¬ 
perature of the H20 and values for f/, //, F, and S, 

From Table VIII, Appendix, the saturation temperature for 200 lb pr is 381.79 F. 
Adding 519.21 F results in a temperature of 900 F. From the same table for 200 lb pr 
and 900 F, (7 = 1,328.1, // = 1,476.2, V = 4.002, and/S = 1.8048. 


The Gaseous Region. —Such mediums as helium, hydrogen, oxygen, 
nitrogen, air, carbon monoxide, and carbon dioxide, under usual atmos¬ 
pheric pressure and temperature conditions are termed gases. Under this 
condition all these mediums are highly superheated at moderately low 
pressure. 

Joule's classical free-expansion experiment in which gas at high pr(\ssurc 
in one chamber (Fig. 29) was allowed to flow into another chamber having 
little or no gas in it to begin with, resulted in heat transfer from the water 
bath into chamber A, and heat transfer out of chamber B into the water 
bath. However, the heat-transfer effects were practically equal and the 
final equilibrium temperature of the water bath and the medium was the 
same as before the expansion process. During this process no heat transfer 


♦ If P is in Ib/in,*, V in ftVlh, and U and H are in Btu, 
144PF 

U ^ H - H - 0.1852PF ^ H - 


PV 

5.403 


778 
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or work passed through an imaginary envelope around the water bath. 
Hence the Energy Equation for the process is 

Ui = U, ( 1 ) 

The condition and consequently the internal energy of the water bath 
was the same before and after the process. Thus, it was concluded that 
the internal energy of the gaseous medium did not change. Since pressure 
and specific volume of the gaseous medium both change, while internal 
energy and temperature do not, it followed that the internal energy of a 
medium in the gaseous state is a function of the temperature only. 


--- 
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— 

B 


— 
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pressure 
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— • 

;;;;_ 
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tank 


Fia. 29.—Joule’s free-expansion apparatus. 


More refined experiments of this nature resulted in appreciable tempera¬ 
ture change but, as th(' pressure of any superheated medium approaches 
zero, these experiments indicate that the internal energy of the medium 
approaches a function of the temperature only. Also as the pressure of a 
superheated medium approaches zero the product of P and V approaches 
a constant that is proportional to the absolute temperature. 

Since, = [/ + PF (2) 

the enthalpy of a medium in the perfect gaseous state is also a function of 
the temperature only. 

Thus, the perfect-gas region^ for any medium, is defined on any diagram 
as that region in which the enthalpy and internal-energy lines are parallel to 
temperature lineSy and it is incorrect to use perfect-gas relationships except 
when this condition is closely approached. In such cases the use of these 
relationships introduces a negligible error. 

Properties of Mediums in the Perfect-gas State. —The specific volume 
of a medium in the perfect-gas state, like that of the superheated vapor 
state, is a function of both pressure and temperature. Boyle^s experi- 
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merits showed that with constant temperature the absolute pressures 
varied inversely with the volumes. Thus, 

PiVi = P 2 V 2 = PF = const (1) 

Charles^ experiments showed that, with constant pressure, the volumes 
varied directly with the absolute temperatures. Thus, 

F 1 /F 2 = T 1 /T 2 (2) 

Also, holding the volumes constant, he found that 

P 1 /P 2 = Ti/T, (3) 

The Equation of State for a perfect gas, relating the three coordinates 

F, F, and T, can be obtained from these three relationships. It is 

PiVi/Ti = F 2 F 2 /F 2 = PV/T = const (4) 

or PV = RT* (5) 

Example.—Derive the Equation of State for mediums in the perfect-gas state. 

Assume that a constant-temperature process occurs from the initial condition repre¬ 
sented by Pi, Fi, and T\ to a second condition of Pj, Fi', and T\. Thus 

PiFi = P2F,' 

Now assume a constant-pressure process changing the conditions from the second 
condition above to a third condition of P 2 , F*, and T 2 . Then, 

Fi'/Fa = Ti/T* 

Combining these two relations and eliminating F/, result in 
PiFi/Ti = PtV 2 /l\ = etc. 

Avogadro has shown that' quantities of gaseous mediums proportional 
to their respective mole(*ular weights have the same volumes at the same 
pressure and temi)erature. Thus, 32 lb of O 2 , 28 lb of N 2 , 44 lb of CO 2 , etc., 
will each occupy the same volume at the same pressure and temperature. 
This quantity of material, the molecular weight in pounds, is termed a 
mole. It follows that the gas constant R of the Equation of State is the 
same for all mediums in the perfect-gas state when the quantity of material 
dealt with is in terms of moles. 

The value of R is 1,545 ft-lb/(mole X °R) or 1.986 Btu/(mole X °R). 
Also, since M moles will have M times the volume of 1 mole, the Equation 
of State for M moles of a perfect gas is 

PV = MRT (6) 

* This expression can be derived from the kinetic theory of perfect gases. See any 
physics text. 
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Example.—Determine the volume of 1 mole and 1 lb of nitrogen at a pressure of 
14.7 Ib/in.* and a temperature of 32 F. 

V « MRT/P 

_ 1 mole X 1,545 ft-lb/(mole X °R) X 492®R 
14.7 Ib/in.* X 144 in.Vft* 

“ 358.8 ft®/mole 

The molecular weight of nitrogen is 28. Hence, 1 mole of nitrogen is equivalent to 
28 lb and the volume of 1 lb will be 


358.8 ftVmole 
28 Ib/mole 


12.81 ftVlb 


The internal energy and specific heats of mediums in the perfect-gas state 
are functions of the temperature and are related through the Energy 
Equation for a nonflow constant-volume heating process. For this process 



h\ + Qin = 1/2 

(7) 

Also, 

fTt 

Qin = / CydT 

jTi 

(8) 

Hence, 

U2 - Ui = [^'cv dT 

jTi 

(9) 


A constant value may be substituted for Cv for small temperature ranges, 
or a variable specific-heat equation for large temperature ranges. Values 
of internal energy, based on spectroscopic analysis and statistical mechanics, 
have been computed for various gases (Table XIX, Appendix). These 
data eliminate th(» necessity of using the specific-heat relationships in the 
solution of many problems dealing with gaseous mediums. 

The enthalpy of mediums in the gaseous state may be obtained from the 
nonflow constant-pressure heating process. Thus, from Eq. (17), page 38, 



Hi + Qin = H2 

( 10 ) 

Also, 

fT2 

Qin = / CpdT 

jTi 

( 11 ) 

Hence, 

H2- Hi ^ / cp dT 

( 12 ) 


Ti 


Values of enthalpy for gaseous mediums may be obtained by adding 
corresponding values of U and PV listed in Table XIX, Appendix, instead 
of using specific-heat data. 

The entropy change of a perfect gas may be obtained from the Energy 
Equation for a nonflow heating process. Thus, 
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Ul + Oin =* 

Ui + TFout 

(13) 

Also, 

Qin = 

rs, 

/ TdS 

Js, 

(14) 

and 


rr, 

/ PdV 

JVi 

(15) 

both for ideal cases. 





Combining these equations with Eq. (9) results in 


dS = cv dT/T + P dV/T (16) 

But since P/T = R/V for 1 mole of a perfect gas, 

o e r* , r'dV 

/■r AT V 

or S = c,,— + E In Soj.^ (18) 

in which the subscript 0 indicates the datum condition. 

Differentiating PV = RT and dividing by T, 

P dVIT + V dP/T = R dT/T (19) 

Eliminating P dV/T between Eqs. (16) and (19), 

dT V dP 

dS = (Cy + R)^- - (20) 

For the constant-pressure heating process 

= fcp dT = fdH = fdiU + RT) = /c^ dT -|- ^R dT (21) 
from which Cp — Cy -{■ R (22) 

Combining Eqs. (20) and (22) with the Equation of State results in 



^ dT j^dP 
dS — R— 

(23) 

or 

Sz - Si ^ j 

dT f^'dP 

(24) 

and 


r*’ - 22 In ^ -b S,p,p 

To ro ’ 

(25) 


By equating (16) and (23) and simplifying, it can be seen that 

dT/T = dP/P + dV/V (26) 
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which, when substituted into either Eq. (17) or (24), results in the third 
expression for entropy, namely, 


or 


S, 


„ dP f'’' dV 

- -S, - Cy^ + C,yr 

P V 

S ~ Cy In “f" Cp In ^^p,v 

E 0 V 0 


(27) 

(28) 


if cv and cp are constant. 

It should be noted that each expression for entropy is a function of a 
pair of coordinates (T^V), (TyP), and (P,F), there being three pairs for 
the three coordinates. Also, the value of the constant of integration So 
depends on the coordinates defining it and the lower limit for the various 
integrals. 


Example.—Determine the entropy change for 1 mole of air in having its pressure 
doubled and its volume tripled. Assume that cp for 1 mole of air is constant at 
6.9 Btu/°R. 


& - .Si = 



R = 1,545 ft-lb/(mole X °R) = 1.986 Btu/(mole X ^R) 
8z - Si ^ (6.9 - 1 986) In 2 + 6 9 In 3 
= 10 99 Btu/(mole X °K) 


(27) 


Example.—Determine the entiopv change in the preceding example by using Eq. (24). 


S2 — Si 



- R\n 


P 2 

Px 


A value for T 2 /T 1 can be obtained from the Equation of State for gaseous mediums. 
Thus, 

T2/T1 = P2F2/P1F1 = 2 X 3 = 6 
Si - Si = 6.9 In 6 - 1.986 In 2 
= 10.99 Btu/mole 


Values of Jcr dT/T and /cp dT/Ty based on spectroscopic analysis and 
statistical mechanics, have been computed for various gases (Tables XXI 
and XXII, Appendix). These dfita eliminate tlie necessity of using the 
specific-heat relationships in the solution for entropy changes in problems 
dealing with gaseous mediums. 

Values of Jcy dT/T may be used as the entropies for any volume line, and 
entropy values for other volume lines at the same temperatures may be 
determined by adding^ values of R In (y 2 /Fi) as indicated in Eq. (17). 
Likewise, values of /Cp dT/T may be used as the entropies for any pressure 
line, and entropy values for any other pressure line at the same tempera¬ 
tures may be determined by subtracting values of R In (P 2 /P 1 ) as indi- 
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cated in Eq. (24). Obviously, if either table of values is used for a given 
line on a given diagram, the entropies of all other lines on the same diagram 
must be properly related to those of the given line by means of the Equation 
of State and Eqs. (17) and (24). 

Example.—Assume that the initial temperature of the air in the two preceding 
examples is 520°li. Determine the entropy change for the process. 

From the Equation of State, 

Ta « TJ\V2lPiVi » 520 X 2 X 3 = 3120^*11 
/':u20 

From Table XXI, / = 9.98 - 0 = 9.98 

7520 ^ 

H\n {Vi/Vi) = 1.980 In 3 = 2.18 

Then, from Eq. (17), - Si ^ 9.98 + 2.18 = 12.10 Btu/°R 

This result indicates the error in the two preceding examples because of the assumption 
of constant specific heat. 

Properties Based on Deviation from Perfect Gas. —The perfect-gas 
Equation of State applies only for the condition when the pressure 
approaches zero. However, it has been shown that this equation may be 
used with fairly high accuracy whenever H or U is nearly a function of the 
temperature only. Otherwise, correction factors indicating the deviation 
from the perfect-gas condition provide a comparatively simi)le means for 
evaluating the various prop('rti(*s. The deviation of a mc^dium from the 
perfect-gas condition is indicated by its conipressibtlity* X, which is 
determinc'd from experimental data substituted in the relation 

PV = ZRT (1) 

This deviation is indicated also by the residual volume* v, which is the 

difference between iho volume computed from the perfect-gas equation 
and the actual volume. Thus, 

V = RT/P ~ V (2) 

which combined with Eq. (1), results in 

r = (1 ~ Z)RT/P (3) 

Multiplying by dP, 

t; dP - RT(dP/P - Z dP/P) (4) 

The term Z dP/P may be replaced by df/f, f being a pseudo pressure^ 
termed fugacity, which also indicates the deviation of a medium from the 

* Data for various mediums will be found in Industrial and Engineering Chemistry. 
See Table XXIII, Appendix, for compressibility of methane, carbon dioxide, and mix¬ 
tures of these gases. See Chart E for residual volumes of methane. 
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perfect-gas condition. At this condition Eq. (4) indic.i,tes that dP/P is 
equal to df/f since the residual volume is then zero. Thus, as P approaches 
0, V approaches 0, and / approaches P. Integrating Eq. (4), after the 
foregoing substitution, results in 

RT In {Pjf) = f\ dP (5) 

Jo 

.since at the lower limit f*,/ui)proacIu*s 1. 

The ratio of f/P is known as the activity coefficient. 


Example.-Determine the speeihc volume, ompressibility, and the fugaeity for 
CH 4 at 3,000 Ib/in - pr and 70 F. 

From Chart K, Ajipentlix, at the foregoing eondition, 

V = 0.0216 ftVlb 


V = RTIP-v = (1,545 X 530)/(iri X 3,000 X 144) 0.0216 - 0.0960 ftVlb 

in uhieh the approximate in )l(‘cular weight of methane (16) is used. 

Also, Z = rV/RT = (3,000 X 141 X 0 0969 X 16)/1,545 X 530 = 0.818 
A plot of V vs. P (Chart E) from 0 to 3,000 Ib/in.® pr indicates a mean value of v of 
0.0363 ftVlt). Then, 


r 3,000 

In (/V/) = I vdP 0.0363 X 16 X 3,000 X 144/(1,545 X 630) 


P/f = 1.359 


= 0.3064 

and / = 2,210 Ib/in.* 


The evaluation of H and S for mediums at high pressure by means of the 
compressi])ilit 3 ^ factors or the re^'idual volumes is illustrated in the Appendix. 

Reduced Coordinates.—The Law of Corresponding States is that gases 
at the same reduced coordinates have approximately the same properties. 
The n'duced cooidinate is the ratio of the actual coordinate to th(‘ critical 
value for that coordinate. Thus, 

Tr = T/Tc, Pr = P/Pc and 7. = V/V. 

where subscripts r and c indicate reduced and critical values, respectively. 
Usually Pr and Tr are us('d, since only two of the three elemental^ coordi- 
nat(\s are required to define the state. 

A plot of the compressil)ility, Z, vs. Pr at various values for Tr (Charts 
F and G, Appendix) may be used to evaluate volume values, from which 
the various properties may be determined as in the foregoing section. 


Example.—Determine the specific and residual volumes for CH 4 at 3,000 Ib/in.* 
and 70 F. 

From Table IV, Appendix, the critical temperature and pressure are 343®R and 
673 Ib/in.*, respectively. Then, 
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T, = (460 + 70)/343 » 1.54 and R, = 3,000/673 ■= 4.46 

From Chart F, Appendix, for these conditions, Z = 0.85. Then, 

F - ZRT/P «= 0.85 X 1,545 X 530/(144 X 3,000) = 1.61 ft'/mole = 0.100 ft»/lb 
This compares with a value of 0.097 ft’/lb obtained in the foregoing example. 

a = RT/R - F = 1,545 X 530/(16 X 144 X 3,000) - 0.100 = 0.018 ft’/lb 

This compares with a residual volume value of 0.0216 indicated on Chart E, Appendix, 
for this condition. 

Obviously, such data for the given gas as illustrated on Chart E, 
Appendix, should be used, if available, rather than that obtained from the 
reduced-coordinate Chart F, Appendix. 

Tables of Properties of Mediums. —Tables of properties of compressed 
liquid, saturated liquid and vapor, and superheated vapor (see Appendix) 
contain values of jP, V, T, [7, //, and S. The energy and entropy values 
are not absolute values but are above or below an arbitrary condition at 
which H and S are taken as zero. The difference between any two values 
of [/, H, or S is an absolute change in [/, H, or S, respectively, since the 
difference eliminates the datum condition. 

Tables of properties for mediums in the gaseous state are usually given 
for a pressure of 1 atm* and contain values of T, U, H, and S, In many 
cases the medium is assumed to be a perfect gas, and table values of U 
and H are used for various pressures. However, a pressure correction 
of R In (P 2 /P 1 ) is always required for 8 values.f Where the deviation 
from perfect-gas conditions is appreciable, the corrections outlined in the 
foregoing section should be made. 

Tables of superheated and gaseous mediums overlap in some cases. 
The superheated rather than the gaseous data should ordinarily be used 
in such cases. Some processes originate in the superheated (or solid, 
liquid, or vapor) region and end in the gaseous region, or vice versa. 
Obviously, in such cases the initial (7, P, and S values for the superheated 
condition should not be subtracted from the end values, respectively, for 
the gaseous condition since the data in the two tables are not on the same 
basis. Instead, the change in {7, H, or 8 to the upper limit of the super¬ 
heated region should be added to the change in [/, //, or 8 in the gaseous 
region above the upper limit in the superheated data. 

General Equations for Properties of Mediums.^ —There are relationships 
among the various properties, specific heats, and coordinates of any 
medium that are usually called the General Equations of Thermodynamics. 

* Values of and H are practically the same at 0 and 1 atm pr. 
t The practice followed in this text is to use the values of Jc dT/T for any desired 
pressure and to correct from this base for any other pressure. 

J See Appendix. 
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These equations result from the combination of various thermodynamic 
and mathematical relationships and are invaluable in formulating or 
checking the properties of any medium such as tabulat'd in the Appendix. 

Certain experimental data arc required to formulate the Equation of 
State between P, V, and T for the medium. Some differential of one 
coordinate with respect to another is required in each General Equation. 
This is obtained from tlie Equation of State and, when substituted, results 
in a relation for a desired property. 

MoUier or H-S Diagram. —This diagram is useful not only for portraying 
the properties of a medium but also for facilitating the solution of constant 
Hy S, Py T, and x processes. The pressure lines diverge with an increase 
in entropy, and this expands the region in the neighborhood of the satu¬ 
rated-vapor line compared to that near the saturated-liquid line. Thus, 
the Mollier diagram for H 2 O (Chart A, Appendix) is very useful in solving 
problems in this region. An area on this diagram does not have any 
particular significance. 

Example.—Determine the quality and enthalpy of H 2 O at the end of a constant-<S» 
change from an initial condition of 250 Ib/in.® and 000 F to a final condition of 10 Ib/in.^ 

The intersection of the 000 F and the 250 Ib/in.^ lines (Chart A, Appendix) locates 
point 1 at an entropy of /S = 1.050. At this point Hi = 1318.3 Btu. 

The intersection of = 1.050 and P = 10 Ib/in.* linos locates point 2 at a moisture 
content of 0.092 or a quality of a: = 0.908 and a value of Ih = 1053.0. 

H-S or U~S diagrams are also used for the solution of problems in the 
gaseous region. These may be constructed for a mixture of mediums 
(Chart H, Appendix). Also (II + C) vs. S or (U + C) vs. S diagrams 
(Chart I, Appendix) are useful for problems dealing with products of 
reactions. 

Pressure-enthalpy Diagram. —This diagram (Chart B, Appendix) is 
useful for the solution of problems dealing with mediums in the regions 
near the saturated-liquid and saturated-vapor lines. 

Example.—Saturated-liquid ammonia at a temperature of 60 F undergoes a constant- 
H process to a pressure of 20 Ib/in.^ Determine the final quality and volume. 

The intersection of the 60 F line and the saturated-lic^uid line (Chart B, Appendix) 
indicates an H value of 110 Btu. The intersection of this II line and the 20-lb line 
occurs at an x value of about 0.144 and a volume value of 2 ft*. 

EXERCISES 

1. Plot the saturated-solid, -liquid, and -vapor lines for H 2 O on T-S coordinates. 

2. On the foregoing diagram plot the following lines: (a) quality lines for 10 per 
cent intervals, (h) constant-pressure lines for 0.0505, 100, and 5,000 lb/in.*, (c) constant- 
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volume lines for 4.432 and 2000 ft^/lb, (d) constant internal-energy lines for 600 and 
1115 Btu/lb, (e) constant-enthalpy line for 1180 Btu/lb. 

3. The following exercises deal with the coordinates and properties of H 2 O: 

a. Given P = 150 Ib/in.* abs and V = 1.508 ftVlh, determine T, a 8, (7, and II. 

h. Given P == 300 Ib/in.® abs and V = 2.005 ftVlb, determine T, /8, V, and H. 

c. Given T = 300 F and V = 5.26 ftVlb, determine P, >8, Uy and II. 

d. Given P = 400 Ib/in.® abs and II = 1150 Btu/lb, determine V, Ty S, and TJ. 

e. Given P = 485 Ib/in.* gage and S = 1.78 Btu/(ll) X °R), determine V, Uy 
and H. Barometric pressure = 30.55 in. Hg. 

/. Given P = 2,000 Ib/in.® abs and T = 200 F, determine F, Sy Uy and H. 

g. Given P = 20 F and H — 0 Btu/lb, determine P, F, Sy and U. 

h. Given P = 0.70 in. Ilg abs and P == 70 F, determine F, Sy Uy and H. 

4. Plot a skeleton II-S diagram for 1 lb of CO 2 ranging from the saturated solid to 
the superheated region, including several constant P lines. 

5. Plot a skeleton log P-// diagram for 1 lb of TI 2 O, including several constant F, 
P, Uy Sy and x lines. 

6. a. Given P = 180 Ib/in.^ abs and P = 1()0, determine F, Sy Uy and If for 1 lb 
of ammonia. 

b. Given P = 0 F and H = 600 Btu/lb, determine P, V, Sy and U for 1 lb of 
ammonia. 

7. a. Given P = — 70 F and S = 1.20 Btu/(lb X °Il), determine P, F, Uy and II 
for 1 lb of carbon dioxide. 

b. Given P = 200 Ib/in.* abs and P = 60 F, determine F, S, Uy and II for 1 lb of 
carbon dioxide. 

8. a. Given P = 100 Ib/in.* abs and F = 0.081 ftVlb, determine Ty S, Uy and If 
for 1 lb of mercury. 

b. Given P = 535.4 F and II = 140 Btu/lb, determine P, F, Sy and for 1 lb of 
mercury. 

9. Plot a skeleton T-S diagram for 1 lb of gaseous N 2 including constant-volume 
lines of 10, 100, and 1,000 ft^/lb, and constant pressure lines of 1, 5, and 10 atm. Use 
the data in Table XXI, Appendix, for any one of the lines. 

10. Check the entropy values in Exercise 9 at two points, having different pressures 
and volumes, by making use of the specific-heat equation for N 2 in Table II. 

11. Cheek the internal-energy and enthalpy values for N 2 in Table XIX at 500, 
2000, and 5000°R by making use of the specific-heat equation for N 2 in Table II. 

12. Determine the specific weight of N 2 at 32 F and 1 standard atm. 

13. The pressure of CO 2 is increased from 10 to 20 Ib/in.^ abs while its temperature 
is increased from 120 to 040 F. Determine the change in Uy IIy F, and S per mole 
of C 02 . 

14. The same as Exercise 13, but for N 2 . 

15. A rigid bomb having an internal volume of 25 ft^ is filled with a perfect gas at a 
temperature of 140 F and at a pressure of 200 Ib/in,^ abs. Determine the moles of 
gas in the given volume. 

16. The gas in Exercise 15 undergoes a chemical change such that the number of 
moles is decreased 20 per cent while the temperature increases to 1540 F. Determine 
the final pressure in the bomb. 

17. Determine the mean values for cp and cv (a) for the CO 2 in Exercise 13, (b) for 
the N 2 in Exercise 14. 
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18. In a certain process the volume is tripled while the pressure is halved. Determine 
the change in entropy, if h is 60 F (o) for 5 moles of C02, (6) for 1 mole of Nj. 

19. Determine the specific volume of HjO at a pressure of 1 Ib/in.* and a temperature 
of 1000 F, assuming IIjO to be a perfect gas. Compare with data for superheated H 2 O. 

20. The same as Exercise 19 but for a pressure of 2,000 Ib/in.* 

21. Determine the residual volume, compressibility, and fugacity for HjO at 1,000 
Ib/in.’ pr and GOO F. 



CHAPTER V 


THERMODYNAMIC PROCESSES 

Classification of Processes. —It has been shown in Chap. Ill that it is 
desirable for analysis purposes to classify processes as being cither nonflow 
or flow processes; also that flow processes are of two general types: steady- 
flow and nonsteady-flow processes. 

Nonflow processes may also be classified according to the coordinate or 
property that may be held constant during the process, t.e., constant 
pressure, constant internal energy, constant entropy, etc. A proccjss may 
consist of two or more of such si)ocial processes, the end of one being the 
beginning of another special process. Also, a process may not have any 
of the coordinates or properties held constant. 

Analysis and Solution of Processes. —The general method of process 
analysis has been outlined in Chap. Ill, and the energy equations for 
various processes have been formulated. A similar procedure is followed 
in this chapter; in addition the individual energy terms for which data are 
available are evaluated. The Energy Equation for the medium undergoing 
the process may be solved for one unknown energy term. If two unknown 
energy terms occur, it is necessary to express one in terms of the other, 
f.e., to establish a second relationship involving the two unknowns, in 
order to effect a solution of the Energy Equation for the process. 

The coordinates and properties for the medium, except P, F, and T 
for the gaseous state, arc obtained usually from tabulated data (Appendix) 
for the given medium at conditions existing at the beginning and the end 
of the process. For perfect gases, the Equation of State in one of the forms 

PV = MET or PiVi/Ti = P 2 F 2 /P 2 = etc. 

is used to evaluate the defining coordinates. 

The usual correction for other than perfect-gas conditions should be 
applied if neglecting to do so introduces appreciable error. However, in 
most cases perfect-gas conditions are assumed in order to simplify the 
analysis. 

Most of the illustrations and exercises deal with ideal or reversible 
processes,* in which cases the areas beneath the paths representing the 

♦See Chap. VII. 


64 



THERMODYNAMIC PROCESSES 


65 


process on the P-V and T-S diagrams are equivalent to the work and heat 
values, respectively. The few irreversible cases included indicate the 
effect of irreversibility on the entropy of the medium. In such cases, 
work and heat values cannot be evaluated from the P-V and T-S HingrnTnH, 
and in adiabatic cases S must not be assumed to be constant for the 
irreversible process. However, the Energy Equation may be applied to 
all processes. 

Reaction processes are treated in Chaps. IX and X. 
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Fig. 30.—Sketch of apparatus for constant-pressure process. 


NON-FLOW PROCESSES 

Constant-pressure or Isobaric Process.—^This process may take place in 
a cylinder with a vertical axis (Fig. 30), the medium being contained in 
the cylinder and held at the desired pressure by a weighted frictionless 
piston. If heat is added to the medium, the piston will rise and permit 
an increase in volume; if heat is abstracted, the piston will be lowered 
and the volume decreased. 

The process may extend from the solid to the gaseous region, or vice 
versa. The path on the T-& diagram (Fig. 31) may consist of five con¬ 
nected parts: AB, BC, CE, EF, and FG. However, the path on the P-V 
diagram is a horizontal line. Starting at any point 1, and moving to the 
right on both diagrams to point 2, heat is transferred in since the entropy 
is increased, and work is done by the medium since the volume is increased. 
Thus, the Energy Equation for the process is 

Ui + Qin = i/2 + Wovit (1) 

TFout = r PdV ^ P(V2 - Vi) 

JVi 


Also, 


( 2 ) 
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Combining Eqs. (1) and (2) and adding the respective U and PV terms 


result in 


Hi + Qin = Hj 


(3) 


Thus, although no flow occurs into or out of the apparatus, and conse¬ 
quently there are no flow-work terms, the term enthalpy appears in the 
Energy Equation as a result of the foregoing manipulation. 


Example.—IhO is heated at a constant pressure of 200 lb/in.“ from 0 to 1000 F 
Determine the heat transfer, the work, and the internal-energy change per pound of 
medium. 



Fio. 31.— T-S and P-V diagrams for constant-pressure process for HjO. (Not to scale.) 


, Inspection of Tables VI and VIII indicates that the medium is solid at the beginning 
and superheated vapor at the end of the piocess. The starting point is very nearly 
on the saturated-solid line. iSince no other data are available, data for the saturated- 
solid are used. 

Thus, Ut - U, = 1368.4 - (-158.9) = 1527.3 Btu 

TFout = P(F, - V,) =. 200 X 144(4.309 - 0.017) = 123,610 ft-lb 
= 158.8 Btu 

Finally, from the Energy Equation for the process, 

Ul + Q,n + 1F„„. 

Q,n =lh - I/i -f 

= 1527.3 -t- 158.8 = 1686.1 Btu 
The Qm value may be checked by Eq. (3), 

Q,n = Ih - P. 

= 1528.0 - (-158.9) » 1686.9 Btu 


The Equation of State for the medium, if in the gaseous region, is 

PiFi/Ti = PsFs/Ts 

F1/F2 = Ti/n 


or, since p is constant. 


(4) 

(5) 
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Example.—One pound of H 2 O at 10 Ib/in.^ pr abs and an entropy of 2.3598 Btu/®R 
is heated at constant pressure to 3000°R. Determine the heat transfer, the work, and 
the internal-energy change. 

Inspection of Table VIII indicates that the initial temperature is 1600 F or 2060®R, 
and that the enthalpy (and internal energy) is practically constant in this region. 
Consequently, the entire process may be assumed to be in the perfect-gas region. 

The initial volume (Table VIII) is 122.7 ftVlb. From Eq. (5) 

Fi =x VxTi/Ti = 122.7 X 3,000/2,000 
= 178.7 ft* 

Then, TFout = Pd'a-Vi) - 10 X 144(178.7 - 122.7) 

= 80,640 ft-lb = 103.7 Btu 


Consfani' volume 



chamber 
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Fig. 32.—Sketch of apparatus for constant-volume process. 


Substituting data from Tabic XIX in Eq. (3) results in 

(hu = Ih - ih = 25,118 ~ 14,910 = 10,208 Btu/mole 
= 567 Btu/lb 

.\lso from Table XIX, 

f/j _ r/j =19,160 - 10,818 = 8,342 Btu/mole 
* 463 Btu/lb 

The sum of Ih — Vi and TVout is 567 Btu, which checks the Q\n value. 


Obviously, reversing the direction of the process so that the volume is 
d(‘creascd results in work in (instead of work out) and heat out (instead of 
lieat in) in the Energy Equation for the process. Thus, 

\ C/l + TVin = f72 + Qout (6) 

Constant-volume or Isometric Process. —A constant-volume process that 
starts in either the solid or the liquid region usually ends in or very near 
one of these regions. However, a medium in the solid or liquid state may 
be heated at constant volume until its temperature is above the critical 
temperature, although the path of the process does not cross the saturated- 
vapor line. A process that starts in the mixture region may extend into 
the superheated or gaseous region (Fig. 33). 

The container of the medium (Fig. 32) is assumed to undergo no change 
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in volume, and consequently no work is done. Thus, the Energy Equation 
for a heating process is 

C/i + Q.n = (1) 

Example.—One pound of H 2 O at a temperature of 200 F and a volume of 2 ft* is heated 
at constant volume to 1000 F. Determine the heat added. 

Inspection of Table VI indicates that the starting point is in the saturated-mixture 
region since, at 200 F, 2 ft* is larger than V/ and smaller than Vg. Therefore, the initial 
pressure is 11.526 Ib/in.® 

Vi * Vf + xVfg -= 0.01663 4- a-33.62 « 2 ft* 
or X ~ 0.059 

Then, Ui ^ Uf + xU/g = 167.95 -i- 0.050 X 006.1 = 221.4 Btu/lb 



Entropy Volume 

Fig. 33.— T-S and P-F diagrams for const ant-volume process. 

Inspection of Table VIII indicates that the final condition is between 400 and 500 
Ib/in.* By interpolation at 1000 F, based on volume data 

Pi = 422 Ib/in.* and U 2 = 1363.0 Htu/lb 
and (?,„ =1363.9 - 221 4 = 1142.5 Btu/lb 

The Equation of State indicates the following relation for this process 
in the perfect-gas region: 

P1/P2 = Ti/T2 ( 2 ) 


Example.—One mole of N 2 at 1000°B and a volume of 200 ft* is heated at constant 
volume to 3000®H. Determine the final pre.'>surc and the heat added. 

The initial pressure is obtained from the Equation of State. Thus, 


MET 1 X 1545 X 1000 
V 200 X 144 


53.6 Ib/in.* 


Then from Eq. (2), P 2 = P 1 T 2 /T 1 = 53.6 X 3000/1000 = 160.8 Ib/in.* 
Substituting values from Table XIX into the Energy Equation for the process 

Qixx i /2 — = 14,236 — 2,416 = 11,820 Btu/mole 
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Reversing the direction of the process results in Qout instead of Qin, and 
the Energy Equation becomes 

Qout = Vi — U\ (3) 

Constant-temperature or Isothermal Process.—This process may extend 
from the liquid or from the solid state to the gaseous state. If the process 
occurs at the melting point and the corresponding saturation pressure, 
both the solid and the liquid states may be involved. 

This process might occur in a piston-cylinder mechanism (Fig. 34) 
which permits a sufficient increase in volume to maintain constant tempera¬ 
ture as heat is added. The Energy Equation for the heating process is 

U\ -f Qin — Vi TFout (1) 


r 

“ 

u,: 



r Cylinder. 

f ’ 


W, 


oui 


a., 



Before Affer 

Fig. 34,—Sketch of apparatus for isothermal expansion process. 


Since the process is represented by a horizontal line on the TS diagram, 
the heat in can be determined from the relation 

Qin = dS = TiSi - 5,) (2) 

and work out determined from the Energy Equation. 

If heat transfer is out of the medium, S 2 < and 

Qout = - T{S2 - S^) (3) 

since all energy terms arc positive in sign. 

Example.—A pound of H 2 O at 300 F and 1,000 Ib/in.* pr is heated at constant tem¬ 
perature (Fig. 35) until the volume increases to 8.773 ft®. Determine the final condi¬ 
tion and the work done. 

An inspection of the 300 F column in Table VIII, Appendix, indicates 

P 2 = 50 lb/in .2 .82 = 1 . 0721 , and I/, = 1103.1 Btu/lb 

The saturation pressure for 300 F is 67.01 Ib/in.* (Table VI, Appendix). 

The initial conditions obtained from Table V, Appendix, are 

Pi = 1,000 Ib/in.* Si = 0.43530 

Ui = 268.1 Btu and F, = 0.01738 ft«/lb 

Qiu = TiSi ~ Si) = 760(1.6721-0.4353)=: 940.0 Btu 


Also, 
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The work could be determined by planimetering the area under the path on the 
P-V diagram (Fig. 35) if drawn to scale. However, from Eq. (1), 

Wout “ U\ — tfa + Qin (4) 

= 268.1 - 1103.1 + 940.0 = 105.0 Btu 

In the perfect-gas state the internal energy and enthalpy are functions 
of the temperature. Consequently, a constant-temperature process is also 
a constant-internal-energy and constant-enthalpy process. Thus, only 
work and heat-transfer items appear in the nonflow Energy Equations, 

= Qout or TTout = Qin (5) 



Fig. 35.— T-S and P-V diagrams for isothermal process. 


The Equation of State indicates the following relationship for this 
process: 

PiV, = P2V2 = ( 6 ) 

which is the expression for a hyperbolic curve on the P-F diagram. 

The expression for work becomes 

/'Fs f^‘dV Vo* 

TF = / P dF = PiFi / ^ = PiFi In ^ 

Jvi Jvi y Vi 

Example.—H^O at 50 lb/in.* pr and 1000 F expands isothermally to a pressure of 
5 lb. Determine the final volume and the work done per pound of H 2 O. 

From Table VIII, Appelidix, 

Vi = 17.352 ft»/lb 

Assuming that the medium acts as a perfect gas, 

Vi = PiVi/Pi = 17.352 X 50/5 = 173.52 ftVlb 
and Wont = PiVi In (Fj/FO = 50 X 144 X 17.352 In (50/5) = 287,674 ft-lb 

This is equivalent to 369.8 Btu of heat added during the process. 

From steam-table data, Table VIII, Appendix, 

* If Fj is greater than Fi, the sign of the integral will be positive. Also the work is 
done by the medium. If Fa is less than Fi, the sign of the integral will be negative. 
Hence, Wm “ —PiFi In (Fi/Fi), since energy terms are always positive. 
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TFout « Cm “ r « 1460(2.2509 - 1.9964) « 371.6 Btu 

which is the correct solution for this problem. 

Constant-entropy or Isentropic Process. —^This process is represented by 
a vertical line on the T-S diagram (Fig. 36). Since Si = S 2 , there is no 
area beneath the path on this diagram and consequently no heat transfer 
for the ideal or reversible process. The term adiabatic is applied to 
processes with no heat transfer.* 




Fig. 36.— T-S, P-V, and apparatus diagram for the isentropic process. 


If the volume Is decreased during the process, the temperature increases 
and work is done on the medium. In this case the Energy Equation 
becomes 

Ul + Win = U2 ( 1 ) 

For the increasing volume process 

Ul = Lh + TFout (2) 

Example.—H 2 O at a pressure of 250 Ib/in.^ and a temperature of 600 F expands 
isentropically to a pressure of 10 Ib/in.* Determine the final conditions and the work 
done per pound of medium. 

The initial conditions are located in the superheated region (Fig. 36). Hence from 
Table VIIT, Appendix, 

Ul = 1206.1 Btu/lb and = 1.6495 Btu/(lb X °R) 

From Table VII, Appendix, the saturated vapor at a pressure of 10 Ib/in.* has an 
entropy of 1.7876. 

Since, j8i = = 1.6495 

* Only reversible isentropic processes are adiabatic however, as will be shown in 
Chap. VII. 
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which is sm&Uer than Sg at 10 lb pressure, it is obvious that the final condition is in 
the saturated-mixture region. Then, 

S% = Sx^ ^ Sg^ “ (1 ^)S/g^ 

or 1 - » (1.7876 - 1.6495)/1.5041 = 0.092 

Also, Ut - Ux, ~ Ug, - (I - Xt)Ufg, = 1072.2 - 0.092 X 911.1 - 988.4 Btu 

From Eq. (2), ir„ui = I/, - = 1206.1 - 988.4 = 217.7 Btu 

In the perfect-gas region the internal-energy change can be obtained 
from Table XIX, Appendix, if the initial and final temporatunvs are 
known. However, if only one temperaturo and the pressure or volume 
change are known, the equation of the path must be known in terms of a 
pair of the coordinates in order to determine the temperature. 

Equations (17) and (24), page 56, provide relations between V and T, 
and P and T, respectively, since the entropy is constant for this proces.s. 
Thus, 

fTt /jm y 

^ = It ^ In = 0 (3)* 

and AS = - E In § = 0 (4)* 

JTi ^ 

Values for cv dT/T and cp dT/T may be obtained from Tables XXI and 
XXII, respectively, and may be used directly with Eqs. (3) and (4) in th(» 
solution of isentropic processes. 

Example. —One mole of (T )2 is compressed adiabatically and isontropically in a piston- 
cylinder mechanism from 10 to 100 Ib/in.* abs pr. The initial tprnf)oratiire is 80 I'\ 
Determine the work required. 

A sketch of the process (Fig. 37) indicates that the entropy is constant at 0.3*4, 
assuming the values in Table XXll apply to the 10-lb pr line in this case. The final 
temperature Tz obviously is the same as Hence, the entropy change from 2 to 
2\ is equal to R In {Pz/P\)j and 

* 0.34 -h 1.986 In 10 = 4.91 

Since Table XXII was used for Si, the value of S^ of 4.91 at the same pressure indi¬ 
cates in the same table a value of 865°R for the temperature at 2' and 2. 

Substituting internal-energy values for CO 2 from Table XIX into the Energy Equation 
for the process, Eq. (1), results in 

139 -h TFin = 2069 

or Win = 2530 Btu/mole 

The assumption of constant specific heat for small ranges of temperature 

* It should be noted that R In (F 2 /F 1 ) and R In (P 2 /P 1 ) are the entropy changes 
between two constant-volume and constant-pressure lines, respectively, at any tem¬ 
perature on the 7’-*S diagram. 
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near atmospheric is fairly accurate. With this assumption, the integration 
and manipulation of Eq. (3) result in 



(5) 

( 6 ) 
(7) 


Fig. 37.— T-S diagram for solution of isenlropic process with gases. 


Combining Eqs. (5) and (7) rosults in 

PiV,^ = P2F2* 

Also, from Eqs. (5) and (7), 

* Equation (9) may be written 

In p/p, 

since (k — l)k = R/cp 

If Cp is taken as a function of T only, the pressure ratio P/Po is a single function 
of the temperature if To is made the datum temperature. This is also true for the 
volume ratio V/Vo- 

With the foregoing as a basis a table of properties of dry air has been developed by 
Keenan and Kaye [Trans.^ A.S.M.E., 1943), assuming that air is a perfect gas. See 
also Keenan, J. H., and J. Kaye, “Thermodynamic Properties of Air,” John Wiley 
& Sons, Inc., New York, 1945. 


( 8 ) 

(9)* 
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The value of A is 5/3 for monatomic gases, the specific heats being con¬ 
stant for these gases. The value of k is very nearly 1.4 for the diatomic 
gases, for the temperature range of 0 to 400 F but decreases with tempera¬ 
ture rise, since Cp and cy for perfect gases have a constant difference 
regardless of temperature. 

The work expression is determined by integrating the area beneath the 
path Oil the P-V diagram. Thus, 


Work = 


P 


PdV 



dV 

V>‘ 


P2V, - PiVi 
1 - k 


Example. —Solve the preceding example, assuming that k — 1,4: for CO 2 . 

From Eq. (9), T* = 540 X = 1043^ 

From Eq. (10), « 1.986 (1043 - 540)/0.4 « 2497 Btu/mole 

These results indicate appreciable error, particularly in 2’2, resulting from the use of 
/c « 1.4. A value of k based on the actual specific heats at a mean temperature of 
about 800®R for this problem would result in a more accurate determination of the 
temperature and work. However, such data as in Tables XXI and XXII should 
always be used if available. 

The terms Cy and Cp in Eqs. (3) and (4) may be replaced by their 
equivalent temperature functions (Table II, Appendix) and the resulting 
equations used for solving iseiitropic processes with gases when such data 
as that given in Tables XXI and XXII are not available. 

Constant-intemal-energy Process. —In this process, since 

I7i = C /2 (1) 

the Energy Equation is 

Qin = TFout or Win = Qout (2) 

depending on the direction of the process. 

The work can be obtained from the area beneath the path plotted on 
the P-V diagram, or the heat transfer can be obtained from the area 
beneath the path when plotted on the T-S diagram (Fig. 38). The path 
followed in the saturated-mixture region makes accurate computation a 
difficult procedure. However, the area representing the heat transfer can 
be estimated quite accurately by dividing the area into strips of equal 
width (Fig. 38) or of equal temperature ranges as in the following example. 

Example. —One pound of H 2 O undergoes a constant-internal-energy process starting 
at 400 F and 247.31 Ib/in.® pr and extending to 200 F. Determine the work done 
during the process. 
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The data indicate that the process starts from the saturated-liquid line where 
IJ ss Uf ^ 374.12 Btu. Then, dividing the process into equal temperature ranges, 


T 

U, 


U ^Uf 

X 

Sx 

F 


400 

860 

374.12 

741.6 

0 

0 

0.5664 

360 

820 

331.67 

779.0 

42.45 

0.0545 

0.5731 

320 

780 

289.99 

813.7 

84.13 

0.1034 

0.5824 

280 

740 

248.90 

846 2 

125 22 

0 1480 

0 5946 

240 

700 

208.26 

876 S 

165.86 

0.1890 

0.6103 

200 

660 

167.95 

906.3 

206 17 

0.2275 

1 

0 6313 


^S 


0.00()7 
0 0093 
0.0122 
0.0157 
0.0210 


840 

800 

760 

720 

680 




5.63 

7.44 

9.28 

11.30 

14.27 


S(T AS) = = 47.92 Btu 

Thus, O.n - TFoui = 47.92 Btu/lb 

In the perfect-gas region th(' constant-internal-energy process is a con¬ 
stant-temperature process which has already been treated. 



Fig. 38. -T-S diaEram of constant-intornal-enerEy process. 


Constant-enthalpy Process. —In this process 


//, = Ih 


( 1 ) 


The Energy Equation for the expansion process is 

Ui + Qm — Ui + TEout ( 2 ) 


and for the compression process is 


Ui -h Win = U2.+ Q.„t 


(3) 
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The methods used for evaluating both work and heat transfer are the 
same as in the case of the constant-internal-energy process. 

In the perfect-gas region the constant-enthalpy process is a constant- 
temperature process which has already been treated. 

Constant-quality Process. —This process occurs only in the saturated- 
mixture region, in which the quality x ranges from 0 to 1.00. For this 
process, 

Xi = X2 ( 1 ) 


and the analysis is identical with that of the constant-internal-energy or 



Fig. 39.—P-V diagram of various processes. 
(Gaseous region) 

log PiFi” 


-enthalpy process. 

Polytropic Process. —^The term 
polytropic is usually applied to any 
process that can be described by the 
equation 

P7« =z const (1) 

The plotting of the process on 
logarithynic P-V coordinates results in 
a straight line and provides a means 
for the determination of the value of 
n from the slope of the line. Thus 

= log P 2 F 2 - (2) 


from which 


l og P 2 - log Pi 
log Fi - log F 2 


(3) 


which is the slope of the line. 

On rectangular coordinates (Fig. 39) the path of the isentropic process 
in the gaseous region (PV^ = const) has a greater slope than the isothermal 
process in the same region (PF = const). In the two quadrants in which 
these paths are located, the exponent of F ranges from 0 to 00 , while in the 
other two it ranges from 0 to — 00 . 

The relations between the coordinates are the same as given by Eq. (9), 
page 73, with the substitution of n for k. Thus, 


n-l 



The expression for work is the same as Eq. (10), page 74, with the 
substitution of n for k. Thus, 
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Work - £p dV - - ro (5) 

The heat transfer may be determined as usual from the Energy Equation. 

The determination of the path or final conditions when the heat transfer, 
initial conditions, and final pros.sure or volume, but not temi)(>rature, are 
known, can be made by as.'fuming various final temperatures and solving 
for corresponding values of n from Eq. (4). The correct values of Tz and 
n will result in the correct value of the heat-transfer determination from 
the Energy Equation for the process. 

Example.—One mole of carbon dioxide is compressed from 1 to 100 atm pr. The 
initial temperature is 40 F. The net heat transfer into the medium during the process 
is 5000 Btu/mole. 


Assume 

ITOOOR 

1800°R 

1900®R 

ko (Ta/Ti). 

0.5314 

0.2657 

I. 362 
6,5S5 

II, 035 
4,450 

0.5503 

0.27R2 

1.385 

6,710 

12,132 

5,422 

0.e5798 

0.2899 

1.407 

6,820 

13,244 

6,424 

(„_])/„ = 0.5 i.o (rs/r.), E(i. (4). 

Wxn — —/S (Fa —Ti) /(I—n), Btu/mole. i 

f/a ~ Ihi Table XIX, Appendix, Btu/mole.. . 

Qin = C/a — V\ — TF,n, Btu/mole. 


Interpolating for Qin = 5000 Btu/mole results in values of 

Ti = 1755°R n = 1.375 and = 6660 Btu/mole 

The value of n is appreciably higher than values of k at either 500 or 1755°R. 

STEADY-FLOW PROCESSES 

* Engine or Turbine Process.—The medium used in a multicylinder engine 
or turbine flows steadily to and from the apparatus. In the ideal case 
with no heat transfer, the entropy of the medium is constant for the 
process. Usually, the initial conditions of the medium and the exhaust 
pressure are known. These data make possible the evaluation of the work 
that may be obtained from the process. 

Example.—One pound of H 2 O at a pressure of 200 lb/in.* abs and a temperature of 
700 F flows per second to a steam turbine. The exhaust pressure is 2 in. Hg abs. 
Determine the ideal horsepower of the turbine, assuming no heat transfer. 

The Energy Equation for the process is 

//, « + IFout 
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From Table VIII, Appendix, at 200 Ib/in.* and 700 F, Hi « 1373.6 Btu/lb and 
Si « 1.7232 Btu/(lb X ‘^R). 

From Chart A, Appendix, at P « 2 in. Hg and S *= 1.7232, H^ « 961.8 Btu, and 
X « 0.861. 

Then, TFout = 1373.6 - 961.8 * 411.8 Btu/sec 

Hp =* 411.8 Btu/sec X 60sec/min -5- 42.4 Btu/(inin X hp) 

* 583 hp 

Compressor Process. —^The medium flows steadily to and from the multi¬ 
cylinder compressor or centrifugal fan or compressor (Fig. 22). In the 
ideal case with no heat transfer, the entropy of the medium is constant 
for this process. Usually, the initial conditions of the medium and the 
discharge pressure are known. These data make possible the evaluation 
of the work that is required for the process. 

Example.—An aircraft engine has a displacement of 2,800 in.^ It operates at 1,800 
rpm. It is desired to supply 1,400 in.* of air at a pressure of 14.7 n)/in.2 to the engine 
per revolution. The engine is in a plane at an altitude of 30,000 ft. Determine the 
horsepower required for an ideal adiabatic compressor or supercharger. 

From Table III, Appendix, the initial air condition is 4.36 Ib/in.^ and —47.9 F. 
At this condition and at the final temperature for this process (which is assumed to be 
near normal atmospheric temperature at sea level) the specific heat for air is very 
nearly 0.24 Btu/lb per deg F difT., and A: = 1.4 for the isentropic process. 

Then, from Eq. (9), page 73, 

’■> - (jS)’'”' • 

M « PtVt/RT^ - 14.7 X 144 X 1,400 X 30/(1,728 X 1,545 X 583) 

0.0571 mole of air/sec 

The Energy Equation for the process is 

Hi + IFio » H, 

Thus, TFi» « Ha - Hi = McpCT^ - Ti) 

* 0.0571 X 28.95 X 0.24(583 - 412) « 67.8 Btu/sec 
Hp « 67.8 X 60 42.4 = 06.0 

Practically the same results would be obtained by using the internal-energy and 
IcfdTIT tables in the Appendix for the solution of this problem. 

Effect of Heat Transfer on Engine and Compressor Processes. —The 

medium in the engine process is usually above atmospheric temperature 
throughout the entire process. Consequently, heat transfer is out of the 
medium. Heat transfer will occur from the medium in flowing from 
station 1 (Fig. 21) to the apparatus, and while flowing from the apparatus 
to station 2. In the ideal case no pressure drop is assumed in these 
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sections. Hence, the heat transfer occurs at constant pressure for these 
sections (Fig. 40). Thus, 

iQlo = Hi — Hia (1) 

may be used to evaluate Iha, and a similar equation for the evaluation of 
Hj. Then, the Energy Equation for the process is 

Hi = Hi + SQout + TFout (2) 



Fig, 40 -T-.S dm^ram for enp:ino process with heat transfer. 

The heat transfer that occurs while the medium Is in the apparatus 
undergoing the expansion process is indicated by the cliange in S and the 
path of the expansion process if frictionless. 

Example, —Assume that .10 Jltu of heat are transferred out of the medium from 1 to 
If/ (Fig. 40), 50 Btu from la to 2a, and 10 Btu from 2o to 2, the expansion process 
being a straight line on the TS diagram. Initial conditions are 200 Ib/in.* and 700 F, 
and final pressure is 2 in. Hg. Determine the horsepower per pound of H 2 O per second. 

From Table VIII, Appendix, /A = 1373.6 Btu/lb and .Si = 1.7232 Btu/(lb X ®R). 

Then Hia - 1373.G 30 = 1343.6 Btu 

From Table VIIl, Appendix, Ti* = 642 F = 1102®R (see Fig. 40) 

Point 2a is in the saturated mixture region at 2 in. Ilg. Therefore T 20 ** 101 + 
460 « 561 °R. 

Then, Sta = ^la - ia(32«/rmean = 1.7232 - 60 X 2/(1102 -f 661) 

= 1.6631 Btu/(lb X °R) 

= 1.6631, H^a * 928.6 Btu. 


From Chart A, Appendix, at .S 20 
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Then, « H^a - 10 « 918.5 Btu 

From Eq. (2), TTout « 1373.6 - 918.5 ~ (30 + 50 + 10) » 365.1 Btu 
Hp » 365.1 X 60/42.4 = 516.7 

This compares with 583 hp for the ideal adiabatic process (p. 78). It should be 
noted that iQio and iaQ2a decrease the work obtained while ^aQi does not. 

The usual air compressor at sea level inducts air at atmospheric condi¬ 
tions and increases the temperature of the air being compressed. Thus, 



S 

Fia. 41.—7-»S diagram for compressor 
jjrocess with heat transfer. 


heat transfer is out of the medium in all 
parts of the process, except that of 
induction. During induction the air 
usually receives heat from the com¬ 
pressor and adjacent pipes which are 
at a higher temperature than the 
atmosphere (Fig. 41). At high alti¬ 
tudes heat may flow from the ducts 
and supercharger into the air during 
most of the process. However, each 
case must be examined to determine 
the direction of heat flow which may 
be in for one part and out for another 
part of the process. For the case 
illustrated in Fig. 41, the Energy 
Equation is 


Hi + Qi„ + TFin = + Qout (2) 

in which Qin = IIla— H\ ( 3 ) 

and Oout = [{Tu + T^a)/2] {Sia - 820) + {H2a - H2) ( 4 ) 

assuming a straight-line process from la to 2 a. 


Example.—Air at 60 F and 1 atm is compressed to 5 atm. Before actual compression 
the air temperature rises 10 F because of heat transfer from the intake pipe, duets, 
valves, piston, and cylinder. During actual compression 150 Btu/molc of air are 
transferred out of the medium to the cylinder walls. During discharge 105 Btu/inole 
of air are transferred out of the medium. Determine the final temperature and work 
required for the entire process. 

At 60 F, Table XIX, Hi = 1033 Btu/niole of air 
Referring to Fig, 41, Hia = 1033 -H 7 X 10 « 1103 Btu 

in which 7 is the approximate specific heat, Btu/mole, and 10 is the temperature rise. 

Point 2a is determined by assuming various values for and evaluating entropy, 
182a, and heat transfer for the actual compression. Equation (24), page 56, is used, 
values for jcpdTIT being given in Table XXII. Also, a straight-line compression 
process on the T-S diagram is assumed. 
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Assumeo! vcxlues for T2a, 
Fig. 42. —Plot of Qout vs. T 2 a. 


Plotting heat transfer against T^a (1%. 42) and interpolating for a value of 150 Htii 
iiulieate 808®R for 7 20. 

From "I'iihle XIX, H 2 a at 808°R is 3049 Btu/mole 
llieii, //2 = Iha - 105 = 3049 ~ 105 = 2944 Btu 

Interpolation in Table XIX indicates is 793°K for II 2 = 2044 Btu 

Then, = //j — Ih -f- ~ Qm 

= 2944 - 1033 + (150 + 105 - 70) - 2090 Btu 

Throttling Process. —The throttling process is one of restricting flow and 
causing appreciable pressure drop through the throttling device which may 
be an orifice, nozzle, or partly closed valve in the line of flow. The 
pressure drop results in an increase in kinetic energy of the fluid stream as 
it leaves the restricting device. However, stations for analysis are located 
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appreciably away from the restriction, particularly on the downstream 
side (Fig. 43), so that the fluid stream has the lowest possible kinetic 
energy. Usually, there is very little difference in kinetic energies between 
the points of analysis, so that, if no heat transfer occurs, the Energy 
Equation for the process is practically 



Fia. 43.—Diagram of throttling apparatus. 


This does not mean that the process is one of constant H, for, between 
the stations for anab’sis, II decreases as the velocity increases (Fig. 44) 
and then increases to practically the original H as the volociity is decreased. 

Example. —II 2 O at 200 Ih/in.^ pr and a quality of 0.97 flows intf) a throttling calorim¬ 
eter which has a back pressure of 14.7 Ib/in.* Assuming no heat transfer, determine 
the final condition of the H 2 O and the entropy change during the pr()ces.s. 

From Chart A, at 200 Ib/in.^ pr and x = 0.97, //i = 1173.0 Btu, and Si = 1.515 
Btu/°R. 

Also at IJ 2 = 1173,0 Btu and P 2 = 14.7 Ib/in.^, the medium is superheated, T 2 is 
259 F, and ^2 is 1.789 Btu/°R. 

Then, St - Sx = 1.789 - 1.515 = 0.274 Btu/°R 



S 


Fio. 44.— H-S diagram for throttling 
process. 


The foregoing example indicates that 
the throttling proet'ss is not a so-called 
ideal or reversible })ioeess since entropy 
increases although no heat transfer 
occurs either to or from the medium. 
The dissipation by friction of some of 
the increase in kinetic energy occasioned 
by the pressure drop makes the throt¬ 
tling process irreversible. Thus, the flow 
could not be reversed in direction while 
maintaining the same condition of me¬ 
dium at each analysis station without 


the influence of outside energy effects (see Chap. VII). 


Nozzle Process. —A medium usually approaches a nozzle at a moderate 


velocity, undergoes a pressure drop in the nozzle, and leaves at a higher 
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velocity. In this case, station 2 for analysis (Fig. 45) is located at the 
exit of the nozzle where the velocity is a maximum, instead of downstream 
as for the throttling process. 

The Energy Equation for the adiabatic process is 

77, + KEi = Ih + KE, (1) 

In the ideal case, frictionless flow may be assumed and then Si Si for 
the adiabatic process. 



Fia. 45. —Diagram for nozzle flow. 

Example.—TT 2 O at 200 Ih/in.^ and a quality of 0.97 has a velocity of 100 ft/sec as it 
approaches a nozzle. The pr(‘ssuro drofis to 14.7 Ib/in.^ as the medium flows through 
the nozzle. Assuming adialnitic frictionless flow, determine the velocity of the H 2 O 
leaving the nozzle. 

From Chart A, Appendix, at 200 Ih/in.^ and x = 0.97, IIi = 1173.0 Btu and Si = 
1.515 Btu/°R, 

At Si = /Si - 1.515 and 14.7 Ih/in.*, Ih = Btu. Then, from Eq. (1), 

KEi, = 1173.0 + To6V(i>4.4 X 778) - 988.5 = 184.7 Btu 
Velocity = Vh4.4 X 778 X KS4.7 = 3,040 ft/sec 


1 



The frictionless nozzle process may be reverst'd, i.c., the fluid may enter 
the nozzle exit at a higli velocity and low pressure, and leave at a high 
pressure and low velocity at the original entrance. For such cases the 
device is termed a diffuser. Diffusers are used to convert the high kinetic 
energy of a medium into enthalpy with as much increase in pressure as 
possible. 

Pipe-line Process. —All the usual energy terms except chemical energy 
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and work are involved in the pipe-line process (Fig. 46). The Energy 
Equation is 

PEi + KE^ + Hi ^ PE2 + KE2 + H2 + Qoui ( 1 ) 

This may be written 

hti + ivi^/2g + Pi + Pi/di = ht2 + w^/2g + P2 + P2/d2 + Qout (2) 

where w and d indicate velocity and specific weight, respectively. 

The pressure drop along the line of flow tends to increase the fluid 
velocity, particularly for gases and vapors, while friction tends to decrease it. 

Heat transfer from the fluid to the pipe and then to the surrounding 
atmosphere tends to prevent a temperature rise of the fluid because of the 
friction process. Assuming that the fluid enters the pipe line at atmos¬ 
pheric temperature, U 2 tends to equal Ui and, if Qout small enough to be 
negligible, Eq. (2) may be written 

hti Wi^/2g + Pi/di = ht2 + u^^/2g + ^ 2/^2 ( 3 ) 

which is the Bernoulli equation. It is used extensively for analysis of 
liquid flow.* 

Heat-transfer Processes. —When mediums flow steadily through heat- 
transfer apparatus, the PE and KE terms are usually eliminated since the 
difference of the entering and leaving terms for each form is usually 
negligible. Thus, the Energy Equation is 

Hi + = H 2 (1) 

for the heating process or medium receiving heat, 

and Hi = H 2 + Qout (2) 

for the cooling process or medium rejecting heat. 

Example. —A surface condenser attached to the exhaust of a steam turbine has 
exhaust steam flowing into it at the rate of 1 Ib/sec. The condition of the steam is 
2 in. Hg pr and x = O.SO. 

Cooling watcj at a temperature of 80 F is pumped into the condenser, flows through 
the condenser tubes, and leaves the condenser at a temperature of 00 F. The steam is 
condensed on the outer surface of the condenser tubes and leaves the condenser as a 
liquid at 90 F. 

Determine the amount of cooling water required per pound of JI 2 O condensed. 

The heat given up by the II 2 O in lieing condensed and cooled to 90 F is equal to the 
heat received by the cooling water. Thus, neglecting PE and KE effects, 

Qout “ ijl\ Qin ~ MIJI^ 

Combining both eciuations, since Q,n = Qout if no appreciable heat transfer occurs 
between the condenser and the atmosphere, 

* See Chap. XI for further pipe-line flow analysis. 
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M •’(Hi- m)i,oi/(Ih - Hi)^ii 

- (898.5 - 68.0)7(57.99 - 48.02) = 84.3 lb of cooUng water 

The kinetic energy of the exhaust steam entering the condenser may be appreciable, 
and if so should be considered. 

NONSTEADY-FLOW PROCESSES 

Single-cylinder Engine or Compressor Processes— The flow of medium 
into and out of the usual single-cylinder machine is intermittent and not 
steady flow. Steam is admitted to the single-acting engine cylinder 
(Fig. 47) during only a part of one stroke of the piston, and only during 
this time does flow to the engine occur. Likewise in the compressor, air 
flows into the cylinder during one stroke 
of the piston while it is conipresis(‘d and 
discharged during the following stroke. 

These intermittent flows are the cause of 
aj)preciable pressure fluctuations in the 
lines leading to and away from machines 
of this type. 

In the ideal case it is assumed that 
pressure fluctuations do not occur with 0 
intermittent flow. As a consequence, the 
flow work done on any given quantity p 
of medium in being i)ushed past the 
stations for analysis is the same as for 3 
steady flow and the analysis of the ideal 
single-cylinder process is the same as for V 

the multicylinder or turbine process. - .7 

This can be shown by evaluating the complete expansion, 

work areas on the P-F diagrams for the compressor and complete-expan¬ 
sion engine processes. 

Referring to Fig. 47, the work of admission from 0 to 1 is Pi(Fi — 0). 
The work of (expansion, if adiabatic, has been shown to be (jquivalent to 
Ui — U 2 - The work of exhaust from 2 to 3 is p 2 (F 2 — 0) and is negative 
compared to the other work values. Hence, the work of the entire 
process is 

Fout = PiFi + (f/i - C/ 2 ) - P 2 F 2 = Hi ~ 7/2 (1) 

Release Process. —The pressure of the medium in the engine cylinder 
at the end of expansion is usually higher than the prt^ssure in the exhaust 
line. At the end of the expansion stroke the exhaust valve is opened and 
part of the medium is expelled becauvse of pressure difference. In the 
limiting case the valve is assumed to open instantl.y and the piston to 
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remain at the end of the stroke until the pressure in the cylinder is 
decreased to exhaust pressure. 

The Energy Equation for the part remaining in the cylinder (Fig. 48) is 

{MbUb)i = +WBonA (D 


assuming ideal adiabatic expansion of part B in pushing part A out of the 
cylinder. 


Before release 



The Energy Equation for the part escaping from the cylinder is 

(MaUa)i + Wn on A A^2 ^ A on medium in oxhauat (2) 

This assumes that the kinetic-energy effects of part A because of pressure 
drop across the exhaust valve have been dissipated by friction and that 
all the kinetic-energy effects appear as energy associated with part A.* 

Combining the two equations, noting that the work of A in pushing the 
exhaust medium along the exhaust line is {MaPaVa )2 

MUi = (MsUb)2 + (MaUa)2 + (MaPaVa)2 = (MnUB)2 + (MaHa)2 (3) 

*lf this analysis is applied to any small element of medium as it escapes from the cyl¬ 
inder, the work done on the escaping element approaches JPF as a limit, in which V is 
the volume of the element before escape and P is the pressure in the cylinder at the 
instant of escape. Also, the flow work of each element on the medium already released 
is PF for the condition of the element after release. Hence, the enthalpy of each little 
element before escape is equal to its enthalpy after release. Thus, part A may be thought 
of as Consisting of an infinite number of parts with enthalpy values ranging from the II 
of the medium at the beginning of release to the H of part B at the end of release. 
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Example. —The condition of the II 2 O in a cylinder immediately before release is 

50 Ib/in.* and a quality of 0.96. The pressure in the exhaust line is 14.7 lb /in.* Deter¬ 
mine the condition of the released part of the H 2 O after release is completed. 

The expansion of B is ideal and adiabatic (Fig. 49). From Chait A, Appendix 

51 « 1.609 Btu/(lb X '’R). At the same entropy and 14.7 Ib/in.*, 1 — a; « 0.102. 
Then, from Table VII, 


Ui ^ -- {I -- x)Uf„ = 1095.3 ~ 0.04 X 845.4 = 1061.5 Btu 

C/sj = f/a ~ (1 - = 1077.5 - 0.102 X 897.5 = 986.0 Btu 

Fi = - (1 ~ x)Vfo = 8.515 -- 0.04 X 8.498 = 8.175 ft* 

Vb^ = - (1 - x)Vfa = 26.80 - 0.102 X 26.78 = 24.07 ft* 

\ssuniing 1 lb of medium in the cylinder before 
release, 

Mb = Vi/Vb^ = 8.175/24.07 = 0.339 lb 
Substituting the foregoing values in Eq. (3). 
lesults in 

1061.5 = 0.339 X 986.0 + (1 ~ 0ZZ^)Ha^ 
or 7/^2 ^ ^ 

From Chart A, at 14.7 Ib/in ^ and an H value 
of 1100.1 Btu, Sa^ = 1.682 Btu/ (lb X nt). 

The released part has its entropy increased 
although the process is adiabatic. Hence, it is not 
an ideal or reversible process. 



Time Required for Release Process. — Fig. 49.— 7-8 diagram for release 
The pressure difference for the reletise process, 

process varies continuously from the value existing immediately before 
release to zero at the end of tlu' ])rocess. Consequently, the rate of 
flow of the medium through the exhaust port varies throughout the 
process. Also, the quantity of medium released up to any instant in the 
Iirocess indicates the quantity of medium remaining in the cylinder at 
that instant. Thus, for any assumed pressure in the cylinder at any 
given time during the i)rocess, the instantaneous mass rate of flow can be 
d(^termin(»d and the integration of the area beneath the curve of mass-rate 
plotted against time must check the quantity released based on that 
remaining in the cylinder at the assumed pressure. t 


Example.—A 24- by 36-in. cylinder contains H 2 O at 50 lb/in.* and a quality of 0.96 
immediately before release. The exhaust port area is 50 in.* Determine the time 
required for release assuming an adiabatic process and full port opening during the 
process. 

The Energy Equation for the evaluation of velocity of flow is 

III = Ih + KEi ( 1 ) 

where subscript 1 refers to the instantaneous pressure condition in the cylinder at any 
instant during release, and subscript 2 refers to the condition in the exhaust pipe. 
Thus, the instantaneous velocity of escape is 


Wi y/2g77SllJi — 7 / 2 ) 


(2) 
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No friction will be assumed in the port, and consequently Hi and H^ are at the same 
entropy. The mass rate of flow is the product of effective port area (which will be 
assumed to be 0.65 of the actual area), the velocity W 2 , and the density d^. A critical 
pressure ratio of 0.58 is used for the higher pressures (see Chap. XI). 

Mass rate 0.65 w^A^IV^ 

Cylinder volume 9.44 ft* 


Assume Pi, Ib/in.^. 

50 

40 

30 

20 

14.7 

Critical P2 or P2, Ib/in.^.. . 

29 

23 

17 

14.7 

14.7 

//i at Btu. 

1137.2 

1120 7 

1100.0 

1071 8 

1051.1 

Hi at Sij Btu. 

1097.2 

1080.9 

10(50.4 

1051.1 

1051.1 

Hi — 7/2, Btu. 

40.0 

39.8 

39.6 

20.7 

0 

W 2 ft/sec. 

1,414 

1,411 

1,407 

1,020 

0 

V 2 , ftVlb. 

13.12 

16.2 

21.2 

24.1 

24.1 

Mass rate, lb/sec. 

24.4 

19.7 

15 0 

9.6 

0 

V, at Si, ftVlb. 

8.18 

9.96 

12.82 

18.33 

24.06 

Mass in cyl, 9.44/Fi, lb... 

1.153 

0.948 

1 0 736 

0.515 

0.392 

Mass released, lb. 

0 

0 205 

0.417 

0.638 

0.761 

Time X 10^, sec . 

0 

! 0 93 

2 15 

3.95 

6.51 


The mean rate of flow while the pressure in the cylinder is decreasing from 50 to 
40 lb/in.2 is about 22 Ib/scc. During this time period 0.205 lb is released. The time 
required will be approximately 0.205/22 = 0.0093 sec. Plotting the mass rate of 19.7 
lb/sec at this time (Fig. 50), etc., results in the approximate rate-of-flow vs. time curve. 
This indicates a time for r<‘lease of about 0.005 sec at the point where the mass rate is zero. 

If the mas.s-rate cur\(* has very n.uch curvature, the area unrler each part of it should 
be clK'cked against the amount released, and the time value for the point should be 
shifted until this check is obtained. 

In actual practice appreciable time is rt^tpiired to open the exhaust port. 
Also, the piston is moving toward outer dcnul etuiter as the exhaust port is 
being opened. The A uriation of port opening and cylinder volume can be 
determined from the mechanics of valve-and piston-oi)erating mechanism, 
respectively. The variation of cylinder volume affects only the mass of 
medium in the cylinder at any assumed i)rcssuro and can be accounted for 
readily as indicated in the foregoing example. 

The variation in port area is plotted against time, and the area corre¬ 
sponding to estimated time is used to evaluate the mass rate for that time. 
Otherwise, the solution is made in the same manner as in the foiegoing 
example. 

Receiver-filling Processes. —The filling of a tank or receiver with air or 
other compressible fluids is a process in which conditions in the receiver 
are varying throughout the process. The filling may be accomplished by 
peiTnitting the medium to flow from a tank under high pressure into the 
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tank to be filled. The process may be either adiabatic or isothermal for 
the limiting cases. The analysis is similar to that of the release process, the 
entropy increasing during the process although no heat transfer occurs. 

A common receiver-filling process, in which the volume of the receiver 
varies, occurs in each cycle of the reciprocating steam engine. All recip¬ 
rocating steam engines have clearance volume (Fig. 51) into which part of 
the steam remaining in the cylinder during the last part of the exhaust 
stroke is comi)ressed. At the (aid of com¬ 
pression th(‘ pressure is usually h'ss th.an 
the pressure of the steam supplu'd to the 
engine. In th(> ideal case the admission 
valve opens at the end of compression and 
st(*am flows into the eleaiancc space until 
sujiply pressure is attaini'd in the cylinder. ^ 

The Energy Equation for this part of ^ 
the process is — 

Mil -h Meiff, = (M + M,^)U, (1) I 

ifi 

where M is the amount of steam admitted J 
from 1 to 2, M,i is the amount of steam 
initially in the clearance volume, and H 
IS the (‘nthalpy of the steam supplied. 

The solution of this pari of the process 
IS based on the volume of (M + Md) lb 
of st(‘am at supply piessuK^ P 2 and inter¬ 
nal eneigy U 2 This volumi' must equal the Fig 50—Mass rate \s time for re- 
cylinder clearance volume. process 

During the second jiart of the filling process, the piston moves and more 
steam flo^\s into the engine maintaining the supply pressure in the cylinder 
until cut off. 

The bhiergy liquation for this part of the process is 

M'll + (M + M.i)U2 = (M' + M + AToOf/i + TFout (2) 

where M' is th(' amount of steam admitted from 2 to 3. The solution for 
il/' is similar to that of the first part of the proci'ss. 

In the ideal case the exjiansion process after cutoff and the exhaust 
stroke including compression are assumed to be adiabatic and isentropic. 
The release process, 4 to 5, is irreversible but not for the part that remains 
in the cylinder in the ideal case (see Reload Process, page 85). Thus, 
the specific entropy of the steam in the clearance volume at the beginning 
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of the filling process must be the same as the specific entropy of the steam 
in the cylinder at the end of the filling process. Since the filling process 
results in an increase of entropy, the final entropy after filling is higher 
that that of the steam supplied. 

The filling of a receiver with a compressor imposes variable discharge 
conditions on the compressor. Assuming an adiabatic process in which 
M moles of medium at initial conditions of Pi and Ti (Fig. 52) are to be 
punxpcd into a receiver which contains Mi moles of the medium at its 
initial conditions of Pi and Ti, the Energy Equation for the process is 


^Cylinder 



V 5 

Fig. 51.—Steam-engine filling process.* 


MUi + PiVi + MiUi' + ITin = (M + Mi)U2 (3) 

The solution may be made by assuming that the Mi moles do not mix 
with the M moles to bo pumped into the receiver. The right side of 
Eq. (1) becomes MiUt + MUi”. For any desired final pressure in the 
tank, the final temjjeratures of both parts in the tank can be determined 
either from the entropy equation or tables, or from the approximate 
relation 

r* = Tm/PiY^ (4) 

if a perfect gas, or from the Mollier or other diagram of the medium 
involved. 

The Equation of State or the properties of the medium may be used to 
determine the value of M. ||,Thus, if a perfect gas, 


PiVi = (Ml + M)RTi 


( 5 ) 
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A common case is that of filling an air receiver that initially contains air 
at atmospheric conditions. The assumption of isothermal compression 
and cooling of the receiver to maintain the initial temperature eliminates 
the internal-energy terms from Eq. (3) and adds a heat-out term, resulting 
in 

PiVi + TFin = Qout (6) 

The heat to be removed during the process will be the same as that 
required in isothermally compressing, in a single compression process, all 



Flo. 5J. -Sketch for adiabatic conii>ro;38or-rcceiver hlhng process (The sketch for the 
isothermal jirocess would have in the receiver before the process and {M -F M\), Po and 
T\ in the loceivcr after the process Also Qout from both the compressor and tlie receiver 
would be indicated ) 


of the medium involved. Thus, if the mediuiu is a perfect gas, 

Qout = Ti AiS = Ti{M + M,)H In (7) 

which substituted in Eq. (6) makes possible the solution for the work 
requirement. 

The Energy Equation for the isothermal-compressor and adiabatic- 
receiver case* is 

(M + M^)Ui + PiVi + = Qout + (M + Ml) [72 (8) 

in which case the initial conditions of the medium ahead of the compressor 
and in the receiver are the same. 

Since IFm = C?out for the isothermal compressor, Eq. (8) becomes 

(M + Mi)([/2 - Ih) = -PiEi (9) 

Assuming constant specific heat and a perfect gas, 

(M + Mi)c, (T - Ti) = MRTi (10) 

O'- ^ = ’’{i + orfinK] 

* This rase and the analysis were suggested by the work of G. Zerkowitz, Second Law 
of Thermodynamics . . . with particular Reference to Steam Engines, Trans. A,SM,E., 
66, A-H)8 (1944). 
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where T is the final temperature when M moles of gas have been pumped 
into the receiver. 

The work of isothermally compressing an increment dM of gas is equal 
to the heat transfer. Thus, 

dW,„ = Ti dS = Ti dMR In (P/Pi) (12) 

The relation between P and M is given by the Equation of State. 

PF„o = (M + Mi)RT 

Combining Eqs. (11) and (13) results in 

„ PTi /,, , ,, , MR\ 

P = „ (M + Ml-\ -) 

or dP = ^(l + -)dM 

Free V Cv/ 

Combining Eqs. (12) and (15) and simplifying result in 
dWi. = In dP 

or Win = (P 2 In - P 2 + Pi) 

The time required to pump M moles of medium into the receiver in any 
of the foregoing cases dej)('nds on the compressor displacemcmt per unit of 
time and the eflfect of discharge pressure on volumetric efficiency (see 
Chap. VIII). Variation of supply conditions also would influence the 
time requirement. 


(13) 

(14) 

(15) 

(16) 
(17) 


EXERCISES 

Nonflow Processes 

1. One mole of air is cooled from 2000 to 60 F at a constant pressure of 1 atm. 

Determine the heat removed, the change in internal energy, and the work done in a 
nonflow process. Ans. Wont = 3850 Btu. 

2 . CO 2 is heated from —75 to 500 F at a constant pressure of 10 Ib/in.* Deter¬ 
mine the heat added, the change in internal energy, and the work done in a nonflow 
process. 

3. CO 2 is cooled from 150 F and 300 Ib/in.* to —100 F in a constant-volume process. 

Determine the heat removed when the maximum liquid is obtained, when the minimum 
solid and no liquid occur, and for the entire process. Ans. Qout = 233.9 Btu. 

4 . One mole of air at 14.7 Ib/in.^ and GO F is heated to 2000 F in a constant-volume 
process. Determine the heat added and the final pressure. 

5. CH 4 is heated from 60 F and 3,000 Ib/in.* to 2000°R in a constant-volume 
process. Determine the heat added and the final pressure, assuming a perfect-gas 
condition. 
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6 . One pound of H 2 O having a volume of 1 ft^ at 67.013 Ib/in.* is heated at constant 

temperature in a nonflow process to a pressure of 30 Ib/in.* Determine the heat added 
and the work done. Ans. Qm = S47 Btu. Wont = 136 Btu. 

7. Air is expanded at a constant temperature of HOF from 10 to 2 atm in a piston- 

cylinder mechanism. Determine the heat added and the increase in entropy per 
pound of air. Ans. AS = 0,11 Btu/°R. 

8 . (^H 4 is compressed at a constant temperature of 140 F in a compressor from 
1,000 to 5,000 Ib/in.^ Determine the heat removed and the decrease in entropy per 
mole of gas, assuming a perfect-gas condition. 

9 . A pf)und of CO 2 is coinpiessed isentropieally from a temperature of —HO F and 
a volume of 1 ft*^ until a saturated liquid is obtained. Determine the final conditions 
and the work required. Check the work value by plotting the path on P-V coordinates 
and evaluating the work area. 

10 . Develop the equation in t<'rms of T and F, and T and P, for the adiabatic 
isentropic change for a perfect gfis using the specific heat equation for CO, Table II, 
Appendix. 

11 . Plot on logarithmic P-T’ coordinates and then transfer the pressure-volume data 
to rectangular P-F coordinates, the paths indicated by the equations PF = const, 

const, and PF^ = const. All paths are to intersect at P = 100 Ib/in.^ abs 
and F = 50 ft^/mole of medium. Note that these paths are straight lines on the 
logarithmic* coordinates so that only two points need be computed for each path. 

12 . One mole of CO is compiessed adiabatically and isentropitally from 1 to 100 atm. 
The initial temperature is 60 F. Determine the initial and final volumes and the work 
required using (a) the tables in the Appendix, (h) the equation developed in Exercise 
10 for determining 1\, and the specific heat equatiem for determining the iiiternal- 
eueigy change, (c) conNtant specific heats and the relations based on PF* = const. 

Ans. (a) Wni — 7019 Btu/mole. 

13. II 2 O at 100 F and a volume of 160 ft-yib is compressed to a pressure of 300 

ib/in.^ while a constant quality is maintained. Determine the heat transfer and work 
done per pound of H 2 O. Evaluate the heat transfer by plotting the path of the process 
on a much expanded entropy scale, and evaluating the area beneath the path on a 
T-S diagram. Ans. Net Qm = 27.5 Btu. 

14. N 2 is expanded in a cylinder from 3000^11 to ten times its initial volume. The 
heat transferied from the N 2 to the cylinder walls is one-fifth the decrease in internal 
energy. Determine the final conditions, the heat transferred and the wwk done per 
mole of medium (a) assuming the path is described by PF” = const, and that k = 1.4, 
(5) using the Energy E(]uation and the entropy tables. 

15. H 2 O in a piston-cylinder mechanism has its condition changed from a pressure of 

14.7 lb/in.2 and a volume of 10 ft* to a pre.ssure of 50 Ib/in.^ and a temperature of 
400 F in a process the path of which is a straight-line path on the T-S diagram. Deter¬ 
mine the work done and the heat transfer. Check the work done by evaluating the 
area beneath the path on the P-F diagram. Ans. IFout = 49.3 Btu. 

Steady-flow Processes 

16. One pound of air at a pressure of 200 Ib/in.® and 940 F flows per second to a 
turbine. The exhaust pressure is 14.7 Ib/in.^ abs. Determine the ideal horsepower 
of the turbine assuming no heat transfer. Compare the result with that obtained 
when using 1 lb of H 2 O with the same eonditions. 
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17. Saturated liquid ammonia at a temperature of 80 F flows to an expander. The 

pressure is reduced to 40 Ib/in.® in the machine and the ammonia is discharged at this 
pressure. Determine the final condition of the ammonia and the ideal work of the 
expander, assuming no heat transfer. Ana. TTout = 5.2 Btu/lb. 

18. Determine the ideal horsepower required for a supercharger for the engine in the 
example on page 78 if the engine is at sea level with air at 60 F and the supercharger- 
pressure ratio is the same as in the example. 

19. Assume that the supercharger in Exercise 18 is cooled sufficiently to have 
isothermal compression. Determine the work requirement and the heat removed. 

Am. TTm = 798 Btu/mole. 

20 . Assume that the ammonia in Exercise 17 is throttled adiabatically to the final 
pressure of 40 lb/in.* Determine the final condition and increase in entropy. 

21 . Assume that 30 Btu/lb of ammonia flow into the medium during the throttling 
process in Exercise 20. Determine the final conditions and the increase in entropy. 

22 . It is proposed to cool liquid H 2 O at 80 F and atm pr by flowing it through spray 
nozzles into a flash chamber in which the pressure is maintained at 0.2 Ib/in.* abs by 
ejectors or vacuum pumps. To what temperature can the liquid be cooled if the 
process is adiabatic? Determine the ideal work, per pound of cooled liquid obtained, 
to maintain the given pressure. 

23. The throttling orifice in Exercise 20 is located in a 3-in. pipe line and the flow 
rate is 2 Ib/sec. Determine the correction for kinetic energy effects. 

24. Air having a temperature of 140 F and a pressure of 14.7 Ib/in.* abs is flowing 

with a velocity of 1,000 ft/sec into a diffuser in which the velocity is reduced to 200 
ft/sec. Assuming an ideal adiabatic process, determine the final condition of the air 
leaving the diffuser. Am. P 2 = 22.5 lb/in.* 

25. The H 2 O in the example on page 84 enters the condenser through an inlet 
nozzle having an area of 0.4 ft.* Recompute the example including the kinetic energy 
effect. 

Nonsteady-flow Processes 

26. A hydrogen container has a volume of 2 ft.^ The pressure of the hydrogen is 

500 Ib/in.* What size balloon can be filled at a pressure of 15 Ib/in.* at the conditions 
existing immediately after the is released? Initial temperature of the Hs is (>0 F. 
Assume that the process is adiabatic and use constant specific heats })ased on the 
temperature of 60 F. Am. 46 ft*. 

27. A 10-ft® receiver is completely evacuated. A crack develops and air rushes 
into the receiver. 

a. Determine the temperature of the air in the receiver if it fills very quickly. 

h. Analyze the process if the receiver fills slowly. 

28. Solve the process in Exercise 26 assuming that it takes place very slowly with all 
possible heat-transfer effects. The atmospheric temperature is 60 F. 

29. Determine the net heat transferred to and from the container and the balloon 
in Exercise 28. 

30. At the end of the compression process in an engine cylinder the HaO is at a 
pressure of 150 Ib/in.* abs and has a quality of 0.98, Boiler steam at a pressure of 
300 Ib/in.* abs and at a temperature of 500 F is permitted to flow into the clearance 
space until boiler pressure is attained in the cylinder. 

a. Determine the weight ratio of the steam admitted to that compressed in the 
cylinder. 
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6. Determine the condition {T and S) of the H 2 O in the cylinder at the end of the 
filling process. 

31. A steam engine cylinder has a clearance volume of 5 per cent of the piston dis¬ 
placement. Compression of the steam remaining in the cylinder occurs when the 
piston has completed 70 per cent of the exhaust stroke. Steam is admitted while the 
piston is at the end of its stroke, during which time the supply pressure is attained in 
the cylinder. More steam is admitted for 25 per cent of the expansion stroke, main¬ 
taining supply pressure in the cylinder. 

Solve for the condition of the steam at the end of each part of the filling process, 
assun ing a supply condition of 300 Ib/in.® and 500 F. Assume tliat the steam at the 
beginning of the compression process is at a pressure of 14.7 Ib/in.^, and at an entropy 
of more than the supply condition. Assume adiabatic processes with isentropic compres¬ 
sion and isentropic expansion after the second part of the process, and the entropy 
of the steam at the end of the second part ol the admission process should equal 
that assumed for the beginning of compression. 

32. Plot the path of the filling processes for the data in Exercise 31, by assuming 
several pressures for the first part of the admission process and computing th(' entropy. 

33. Assume that the exhaust valve in the example on page 87 begins to open at 45 deg 
before bottom-center piston position and opens directly with time until wide-open at 
bottom center. The piston motion is reinesented by a simple harmonic. Determine 
the pressure of the medium in the cylinder at bottom center for an engine speed of 
1 oO rpm. 

34. Air is to be pumped into a 10-ft® receiver until a pressure of 150 Ib/in.^ gage is 
attained. The tank initially contains air at atmospheric conditions of 14.7 Ib/in.^ and 
GO F. Determine the work required and the moles of air pumped into the receiver (a) 
for an adiabatic process, (5) for an isothermal process, (r) for an isothermal-compressor 
and adiabatic-reccnvcr process. 

Sketch P-F diagrams, with receiver and cylinder-displacement volumes adjacent to 
cacli other, showing the paths for several consecutive compressor cycles. Assume com¬ 
pressor displacement is about one-half of the receiver volume and compressor clearance 
IS about 20 per cent of displacement. 

35. The same Jis (a) in Exercise 34, except that the receiver is completely evacuated 
at the beginning of the process. A pressure-regulating device (throttling valve) is 
inserted in the pipe line between the compressor and the receiver and maintains a con¬ 
stant discharge pressuie of 150 Ib/in.® for the compressor during the entire process. 

36. II 2 O at 14.7 lb/in.2 and with a specific volume of 25 ftVlb is to be pumped into a 
10-ft® receiver until a pressure of 200 Ib/in.* abs is attained. Determine the work 
reijuired for an adiabatic process with (a) nothing in the receiver at the beginning of 
the process, (6) H 2 O at the supply conditions in the receiver at the beginning of the 
process. 
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COORDINATES 


Perfect Gases. —The molecules of each substance in a mixture of 
mediums in the perfect-gas state occupy or are uniformly distributed 
throughout the entire volume of the mixture. The molecukvs of ('ach sub¬ 
stance exert a pressure on the walls 
of the container, the total pressure 
being the sum of the pressures exerted 
by the molecules of (^ach constituent 
of the mixture. The pressure exerted 
by each constituent is called its partial 
pressure. Thus 

P = Pi + p 2 + P 3 + • • • Pn (1) 

which is known as Dalton's Partial Pres¬ 
sure Law (see Fig. 53). 

The temperature, pressure, or volume^ 

Fig. 53.—Diagram for three perfect gases ^ gaseous mixtuie may be evaluated 
before and alter mixing. from the Equation of State. Thus, 


Mixiure of three perfect gqses 

P- Pi + + P3 

V» V1+V2+V3 

PV ^ 

MR 

M* Ml + M2 M3 


The three qoises before rrnxmq 



P2 


V| 


% 

T, 



M, 


M3 


PV ^ P,V PnV 

MR MiR MiR ‘ ■ ■ MrM 


( 2 ) 


where M is the total moles of mixture constituents, 
Ml, M 2 , etc., arc the moles of each constituent, 
and R is the Universal Gas Constant. 

It is obvious that 


M = Ml + M 2 + Mt... Mn (3) 

and, from Eq. (2) it follows that the pressures are directly proportional to 
the moles. Thus, 

^ _ M? 

PM’ P ~ M’^^- 
96 


( 4 ) 
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Example. —Carbon dioxide and carbon monoxide are to be mixed in the ratio of 3 
to 1 by weight. The total pressure is to be 14.7 Ib/in.* and the temperature 500®R. 
Determine the volume per pound of mixture and the partial pressures of each constituent. 
One pound of mixture will have 0.75 lb of CO 2 and 0.25 lb of CO. 

Moles of CO 2 

Moles of CO 
Moles of mixture 
Total volume V 

Poo 2 

Pco 

Actual Gases. —The deviation of mixtures of gases from the pcrfect-gas 
relationship is determined most simply by the use of the compressibility 
factor or its related factor, the residual volume. Compressibility factors 
and residual volumes have been determined for various gaseous mixtures* 
such as the methane-earbon-dioxide system (Table XXIII, Appendix). 

The relation between the coordinates and the compressibility factor for 
a gaseous mixtui e is 

PmVm = MmZmRTn, (1) 

where subscript m indicates mixture. 

One methodt of evaluating Zm is to evaluate the compressibility factor 
for each constituent at mixture pressure* and temperatun*, multi])ly each 
by its respective moles, and add the results. Thus, at mixture pressure 
and temperature. Pm and Tm, respectively, 

MmZm = M,Zi + M 2 Z 2 (2) 

Example.—One mole of a mixture of CII 4 and CO 2 , with 35.<S3 per cent CH 4 by weight, 
is to be oompressed into a volume of 1.5 ft®. The final temperature is to be 100 F. 
Determine the final pressure. 

The compresbilality factor dt'pends on the pressure as w’ell as the temperature. 
Consequently, the pressure of the mixture must be determined by trial. Assuming 
5000 Ib/in.® as the pressure, Zm = 0.S584 (Table XXIII, Appendix). Then 

= 1 X 0.8584 X 1,545 X 560/1.5 = 4.950 Ib/in.® 

Obviously, the pressure is slightly below 4,950 Ib/in.® since Zm is low^cr at 4,950 than 
at 5,000 lb/in.2 

*Indmirial and Engineering Chemistry^ 1934 to date; see the work of B. H. 8age, 
W. N. Lacy, ei al.y at California Institute of Technology. 

t Dodge, B. F., “Chemical Engineering Thermodynamics,^' p. 193, McGraw-Hill Book 
Company, Inc., New York, 1944. 


0.75 
44 
0.25 
28 
= sum 
MR'l 


- 0.01704 


- 0.00893 


0.02597 

0.02597 X 1545 X 500 


= P- 


P 

Afco„ 


14.7 
= 14.7 X 


X 144 
0 01704 


= 9.48 ft® 


M 0 02597 

= 14.7 - 9.65 5.05 Ib/in.® 


= 9.65 lb/in.2 
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The compressibility factors for the pure substances at the same assumed pressure 
and at 100 F are 

0.9813 Zco 2 = 0.G24 

Also, 0.3583/16 = 0.0224 mole of CH 4 /lb of mixture 

and 0.6417/44 — 0.0146 mole of C 02 /lb of mixture 

Sum = 0.0370 mole of mixture/lb of mixture 

Then, 0.0224/0.0370 = 0.605 mole of CH 4 /mole of mixture 

and 0.0146/0.0370 = 0.395 mole of COz/mole of mixture 

From Eq. (2), Zm = 0.605 X 0.9813 + 0.395 X 0.624 = 0.S40 

This value is about 2 per cent less than the experimental value foi the mixtuie. 

Reduced coordinates may be used to evaluate the compressibility factors 
for mixtures when experimental data even for the pure substance's are not 
available. The Law of Corresponding States (that all gases act alike when 
in the same state referred to the critical conditions) indicatc's that the' 
compressibility of all gases is approximately the same at the same r('dii(*('d 
pressure and temperature. Thus, approximate comi)iessil)ility factors 
may be obtained from Charts F and G, Appendix. 

Example.—Determine the compiesfeibility factor at 5,000 Ib/in.^ and 100 F for the 
mixture in the preceding example. 

The critical coordinates for CH 4 and CO 2 (Table D , XjipciKiix; are 



*> 

0 

1 

i 

/^, ll)/in.2 

CH4 



343 

i)73 

C 02 



547 

1,071 


The reduced coordinates arc 



Tr 

^ Pr 

1 

CH4 

500/343 = 1.03 

5,000/073 = 7.43 

CO. 

500/547 = 1.02 

5,000/1,071 = 4 00 


From Chart F, Appendix, at = 7.43 and Tr ~ 1.63, Zcu 4 = 1 02. This compares 
with 0.9813 determined experimentally. Also, at Pr = 4.66 and 7V = 1.02, Zcog =* 
0.62. This compares with 0.624 also determined experimentally. Then 

Zm = 0.605 X 1.02 + 0.395 X 0.62 = 0.86 

This compares with 0.8584 determined experimentally. However, it should be 
noted that such correlation is not obtained with all mixtures.”* 

* Dodge, op. cit,^ p. 160. 
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Perfect-gas and Saturated-vapor Mixtures. —The pressure exerted by a 
saturated vapor alone depends on its temperature. In mixture with a 
perfect gas, the temperature of the mixture indicates the pressure of the 
saturat(‘d vapor tlie same as when alone. Then 

nux ~ vapor + ( 1 ) 

Th(' volume of each constituent is the mixture volume. Hence, the 
solution for Tmu dc'peiids on the data available. 


Example.—One pound of saturiitod water vapor and 1 lb of air orcaipy a given volume 
at ISO F. Determine tlie volume occupied and tbc total pressure of the mixture. 

From Table VI, Appendix, at D'O F 

Pwv = 7.510 lb/in.2 and \\ = 50.23 ft® 

The volume of 50.23 ft*’ occupied by 1 lb of water vapoi at its partial pres*;iire is also 
the \olume occupied by the 1 11 of air at its partial pressure 


Thus, P 

and total pressure, 


_ M.jrr 

a ir — I. 

C = /\v + P 


ftir 


2Sd)7 ^ 144 X 50.23 


4.73 Ib/in.® 


= 7.51 4- 4.73 = 12.24 lb/in.2 


If one of the (‘onstitiu'nts is in tlie liquid-vapor region, its partial pressure 
is a function of the mixture tomporaturo, but one of the coordinates or 
jirojierties x, F, >S, f/, or H must be known to determine th(i volume. The 
volume of the saturated vapor is the volume of the gaseous constituent 
‘^lne(' the gas can occuiiy only a negligible part of the volume occupied by 
the liquid. 


Example.--A mixture of air and IliO having a quality of x = 0.5 is at a ternporature 
of 200 F. Detoriiiine the pf)unds of air per pound of H20 if the total pressure is 
50 lb/in.2 

From Table VJ, Appendix, at T = 200 F, 


Then, 


Pv,v = ll.r>20 lb/in.2 Vf = 0.0im>3 ft® V„ = 33.04 ft® 
Volume of saturated liquid = (1 — x)F/ = (1 — 0.5)0.01003 = 0.008 
Volume of saturated vapor = xV„ — 0.5 X 33.04 = 10.S2 ft* 

/»Hir = P - P>N> = 50 - 11.520 = 38.47 Ib/in.* 

PurV 38.47 X 144 X 10.82 

il/air - -- 


RT 


1,515 X 000 


0.0915 mole - 2.05 lb 


The vapor may be sui)erheatod, in which case two of the coordinates or 
properties as wcdl as the quantity of medium must be known to determine 
the condition of the vapor. 

Example. —One pound of air and 1 lb of H 2 O occupy a volume of 10.897 ft® at a 
temperature of 400 F. Determine the total pressure. 

From Table Vi, Appendix, at 400 F, = 1.86 ft®. This is smaller than the volume 
of the mixture which is the volume of the vapor, indicating that the H 2 O is superheated. 
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From Table VIII, Appendix, at 400 F, F = 16.897 when P 
M^^rRT 1 1,545 X 860 


Then. 


P air 


V 28.07 144 X 16.897 

Total pressure = Pwv + Pair = 30 + 18.9 = 4^.91b/in.2 


30 lb/in.2 
18.9 lb/in.2 


Humidity; Air and Water Vapor. —^The amount of water vapor, or any 
other vapor, that can be contained in a mixture with air varioh from z(‘ro 
up to the quantity of saturated vapor at mixture temperature that will 
occupy the same volume as that occupied by the air. All quantities of 
water vapor less than the maximum that the mixture' can contain are 
superheated at mixture temperature under stable equilibrium conditions, 
the water-vapor pressure being that required for a vapor volume equal to 
that of the mixture. 

The absolute humidity of air is defined as the quantity of watei’ vapor, 
whether saturated or superheatc'd, in 1 ft® of mixture of air and water 
vapor. The maximum absolute humidity at any temperature is tlu' 
reciprocal of the specific volume of saturated water vapor (l/Vg) at that 
temperature. 

Example.—The maxiinuin huinuiity of air at 100 F would be 

1/350.4 = 0.00285 lb water vapor/ft’ nuvture 

Obviously, the maximum humidity increases with an increase in tem- 
perture since Vg decreases. 

The relative humidity is the ratio of the absolute humidity of air at a 
given temperature to the maximum absolute humidity of air at the same 
temperature. The relative humidity of air when saturated is 100 per cent 
regardless of the temperature. 

Example.—Determine the absolute humidity of air at 100 F if the relative humidity 
is 50 per cent 

At 100 F and 100 per cent relative humidity the air is saturated and contains 0.00285 
lb water vapoi/ft’^ mixture. Then, 

Absolute humidity = 0.00285 X 0.50 = 0.00143 lb H 2 O vapor/ft® mixtuie 

Relative humiditi(*s, lower than 100 per cent, indicate a superheated 
condition for the water vai)or. This is indicated by a point B on the T~S 
diagram (Fig. 54) for H 2 O, located at the same temperatun' as th(' mixture 
but at a lower pressure than that corresponding to the saturatc'd condition. 
The specific volume and temperature of the superheated H 2 O vapor 
indicate the pressure of the H 2 O vapor. However, superheated vapor 
tables are not available for the low pressures usually encountered in air 
conditioning. Examination of the superheated region of any H 2 O diagram 
in the neighborhood of 100 F indicates that water vapor at this condition 
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acts very nearly as a perfect gas, since enthalpy lines are practically 
parallel with temperature lines. Thus, since points A and B (Fig. 54) are 
at the same temperature, the Equation of State for a perfect gas indicates 
that 


PaVa = PbVb 


( 1 ) 


and 


Pa 


V 1 _ sp wta 
Vb sp wt.4 


relative humidity 


( 2 ) 


Example. —Determine the lljO pressure lor 50 per coni rolalivo humidity at 100 F. 


_/'50% 

PlW% 


relative hiiniiility 


At 100 F the saturation pressure for water vapor is 0.95 Ih/in.^ (Table Vt, Appendix). 
P at 50 per cent relative humidity = 0.95 X 0.5 = 0.48 Ib/in.* 


-T-—> 


The specific humidity a mixture 
of air and water vapor is d (‘fined as the 
weight of H 2 O vapor per pound of air. 

This property is usc'ful in meteorolog¬ 
ical work to study the <‘ffect of vari¬ 
ations in pressure and temperature 
on the condition of the H 2 O in a giv(‘n 
quantity of air. 

The relative quantities of air and 
water vapor for any relative humidity 
can be determined from the volume 
required for 1 lb of air under the con¬ 
ditions of the air in the mixture. With the humidity known, the total 
quantity of water in the volume occupied by 1 lb of air can be determined. 



Entropy 

Fig. 54.— T-S diagram for H 2 O. 


Example.—Determine the specific humidity of a mixture of air and II 2 O vapor at 
100 F and a relative humidity of 50 per cent. Total pressure is 14.7 Ib/in.^ 

From Table VI, Appendix, Pwv = 0,95 Ib/in.^ and Vg = 350.4 ftVlb 
From tlio preceding example, P^y = 0.48 Ib/in.^ Also, specific Fwv = IVrel hum = 
350.4/0.5 = 700.8 ftVlk of water vapor. 




= Pu>iai - Fwv = 14.7 - 0.4cS = 14.22 Ib/in.* 

1 1,545 X 500 r • 

- 7 ^ “ ^ • 14:^ 1^ 14 4 “ ftvib of air 


Sp humidity = ( 7 ^)^ = ^ = 0 0209 lb of H,0/lb of air 


The cooling of a mixture of air and water vapor, with an initial relative 
humidity of less than 100 per cent, results in a doorcase in temperature 
and an increase in the relative humidity, although the total of quantity 
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H 2 O vapor remains constant. Eventually, the dew-point temperature is 
reached at which temperature the H 2 O vapor in the air becomes saturatf'd 
and the relative humidity is 100 per cent. Since both the air and H 2 O are 
practically perfect gases and since the quantity of each medium remains 
constant during the cooling process, the partial pressures also remain con¬ 
stant during this process. Further cooling results in a further decrease in 
temperature and a condensation of some of the H 2 O vapor while the 
relative humidity remains at 100 per cent. 

Example.—Determine the dew point for air at 100 F and 14.7 Ib/in.* pr, with a 
relative humidity of 27 per cent. 

From Table VI, Appendix, at 100 F, P*at = 0.95 Ib/in.* 

Pwv/Psat = relative humidity 

hence, Pwv = 0.27 X 0.95 = 0.206 Ib/in.® 

Cooling the mixture to the dew point and holding the pressure constant, the H^O 
vapor will be saturated at the tenjperature corresponding to the saturation pressure 
of 0.266 lb/in.2 From Table VI, this temperature is found to be 60 F. If B (Fig. 54) 
represents the initial condition, C represents the dew point. 

The relative humidity and water-vapor content of air are determined 
from wet- and dry-bulb temperatures by the use of a psychrometric chart 
(Chart D, Appendix. See Psychrometric Process, page 109). 

Mixtures of Mediums in Liquid and Vapor Regions.—Volumetric 
behavior of mixtures of mediums in the liquid region may be represented 
by the use of the compressibility factor. Experimental data (Fig. 55) for 
such mixtures show a discontinuity of the slope of isotherms at the i)hasc- 
boundary line. The residual volume may be found in th(' usual manner. 

Example.—Determine the specific and residual volumes of a mixture of methane and 
n-pentane, containing a 0.3857 weight fraction of methane, at a pressure of 2,500 
Ib/in.* and a temperature of 340 F. 

In 1 lb of mixture there is 0.3857 lb of methane. Thus, moles of 0114 = 0.3857/16 = 
0.0241; moles of C 6 H 12 =» (1 — 0.3857)/72 = 0.0085. Total moles = 0.0241 + 0.0085 = 
0.0326. 

Also, from Fig. 55 at 2,500 Ib/in.* and 340 F, Z = 0.85. 

Then, V « ZMRT/P = 0.85 X 0.0326 X 1,545 X 800/2,500 X 144 = 0 0052 
ftVlb of mixture. 

Residual volume, i; = (1 - Z)F = (1 - 0.85) X 0.0952 = 0.0143 ftVlb. 

The pressures and temperatures for various concentrations of ammonia 
in mixture with H 2 O, for both vapor and liquid states, are given in Table 
XVIII, Appendix. The total vapor pressure for such mixtures in which 
the liquids are mutually soluble is less than the sum of the saturated-vapor 
pressures of the individual constituents at the same temperature. 
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PROPERTIES 

Internal Energy.—The internal energy of a mixture of perfect gases at 
a given temperature is the sum of the internal energies of the various 
constituents at the same temperature. 



Fig .').■) —Compressibility factors for a mixture of methane and n-pentane containing 
().;isr>7 weight fraction of methane. {B. H. Sage, H II. Reamtr, li. H Olds, and W. N. Lacey, 
Phase Equilibria in Hydrocarbon Systems, Ind. & Eng. ('hem., 34> 1108, 1942.) 

Example.—One mole of CO 2 is to be mixed with 1 mole of CH4, both at a temperature 
of 140 F. Determine the internal energy of the mixture assuming perfect-gas conditions. 

From Table XIX, Appendix, at 600°R, 

Uco^ = 570 Btu/rnole UcB^ = 545 Btu/mole 
Umix at 600°R = 570 + 545 = 1115 Btu/2 moles of mixture 

For actual gases the internal energy varies with the specific volume 
[Eq. (D Appendix.] Hence, the internal energy for each constituent 
should be evaluated for perfect-gas conditions and a correction made to 
the sum to account for the effect of volume on internal energy. 





104 


THERMODYNAMICS 


When the mixing of several substances at a given temperature results in 
a change in temperature, chemical energy is being either liberated or 
absorbed in a manner similar to that of a reaction, provided no other 
energy effects occur. The Energy Equation for the constant-volume 
adiabatic mixing process is 

C a-\^b + (C/yi + Ub)ti = (JJa-\-b)t2 (1) 

where A and B indicate the two constituents being mixed. 

If T 2 is greater than Ti, heat must be transferred out of the resulting 
mixture to return it to the original temperature. Thus Eq. (1) becomes 

Ca^b + {Ua+ Ub)t, = {Ua^b)t, + ©out ( 2 ) 

in which case Qout is the heat of solution, dilution, or reaction for constant- 
volume mixing.* Heats of solution, etc., are determined experimentally, 
and usually ([/ — is evaluated and designated as the internal energy 

of the mixture. 

Enthalpy. —The enthalpy of a mixture of perfect gases at a given tem¬ 
perature is the sum of the enthaljries of the various constituents at the 
same temperature. For actual mediums the enthalpy varies with pressui e 
as indicated in the Appendix. 

When the mixing of several substances at a given temperature results 
in a change in temperature, chemical energy is being either lilx'rated or 
absorbed in a manner similar to that of a reaction, ])rovided no other 
energy eflfc'cts occur. The Energy Equation for the steady-flow adiabatic 
mixing process is 


Ca^b + {Ha + IIb^, = {HA^n)T2 (1) 

where A and B are tlu* constituents being mixed. 

If T 2 is higher than Ti^ heat must be transferred out of the resulting 
mixture to return it to the original temperature. Thus, Eq. (3) becomes 

Ca-\^b + {Ha + Hb)ti = {Ha^b)ti + Qout (2) 

in which case Qout is the heat of solution, dilution, or reaction. Heats of 
solution, etc., are determined experimentally, and usually (// — C)a^b is 
evaluated and designated as the enthalpy of the mixture. Enthalpy (oi- 
internal-energy) evaluation in this manner includes any effect of pressure 
change on enthalpy. 

Enthalpy-concentration diagrams and tables of data have been prepared 
* Usually constant-pressure or steady-flow processes are used to evaluate heats of 
solution. 
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for various liquid and vapor mixtures such as ammonia and water (Table 
XVIII, Appendix). 

Example. —Liquid H 2 O and ammonia are mixed at 100 F in such proportions that the 
final mixture concentration is 0.377. Determine the heat of solution. 

From Table VI, Appendix, /// = 68.0 Btu/lb of H 2 O 
From Table IX, Appendix,/fy =155.2 IHu/lb of NHs 
From Table XVIll, Appendix, IImm — —5 Btu/lb of mixture 
Substituting in Eq. (2), modified as indicated, 

0.377 X 155.2 + 0.623 X 68.0 = 1 X (-5) + Qout 
or Qoxit ~ 105.9 Btu 

Heat of solution = 105.9/0.377 = 281 Btu/lb of NH* 

Entropy.—^The entropy of a perfect gas is given by the expression 

S = rcy^ + 12 In ^ ^ Eq. (18), p. 56 (1) 

Jt^ 1 Vo 

or S= rcM - R In ^ +So^^Eq. {25), (2) 

Jt^ 1 ro 

Tables XXI and XXII, Appendix, contain values of \cydT/T and 
ItpdT/T above a datum temperature of To = 520°R. 

Any volume or pre.ssure may be assumed to be a datum value, in which 
case the volume or prc'ssure term is (diminated. The third term may be 
eliminat('d if no I’eactioii occurs in the process. Thus, the values in Tables 
XXI and XXII may be us(\l as the eiitropi(\s of a medium. Obviously, 
these are not absolute values because of the temperature datum plane 
and since >So is not included. However, To and Sq are eliminated in 
evaluating differences of entropy for a given gas. 

The mixing or diffusion of several perfect gases initially at pressure P 
and temperature T, by connecting the several containers of the gases, 
results in the same total pressure and temperature for the mixture. How¬ 
ever, each gas in mixing has its pressure reduced to its partial pressure. 
Thus, after mixing, the entropy for each gas is 

n dT 

S = Cp-Y - Rlnpp + (3) 

in which pp is the partial pressure of each gas. 

The entropy of the mixture is the sum of the entropies of each con¬ 
stituent at its condition in the mixture. Thus, 


>Smix = Si + S 2 + • • • + S, 


(4) 
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Example. —One mole of CH 4 and 0.651 moles of CO 2 , each at a pressure of 1 atm and 
a temperature of 160 F, are mixed. The final pressure is 1 atm. Determine the 
entropy of the constituents before and after mixing, assuming perfect-gas relationships. 
From Table XXII, Appendix, at 620®R, since P and T are given, 

jcp^ for CH4 = 1.55 Btu/(mole X °R) Btu/(mole X°R) 

Also, R In P = 0 assuming the value of P = 1 atm to be a unit pressure. 

Then, before mixing, 

S-S^before = ^CH 4 + Sco^ = 1 X 1.55 + 0.051 X 1.59 - 2.585 Btu/^’R 
The mixture contains 1.651 moles of gas of which 1 mole is CH 4 . 

pp CH^ = MciiJMuiXAi — 0.605 atm 
pp CO^ = McoJMuitBLi = 0.395 atm 
P In pp = 1.080 In 0.605 == -0.998 for 1 mole of CH 4 
R In pp = 1.980 In 0.395 = —1.845 for 1 mole of CO 2 
Scn^ = 1 X (1.550 + 0.998) = 2.548 Btu/°R 
Sco^ = 0.651 X (1.590 + 1.845) = 2.236 Btu/°R 
SASmixtmo = ' 8 cH 4 + *8002 “ 4.784 Btu/^R 
The entropy change for the mixing process is 

S(-AfP In pp), or 0.998 + 0.651 X 1.845 == 2.109 Btu/'^R 

The foregoing example indicates that the mixing or diffusion of pcrff^ct 
gases is not an ideal process since there is an in(‘rease in entropy even 
though the process is adiabatic. The increase in entropy because of diffu¬ 
sion of gases loses its significance when the two gases are the same. This 
is often referred to as the Gibbs paradox. 

PROCESSES 

The method of analysis and the solution of processes dealing with mix¬ 
tures are the same as used with a single medium. Consequently, only a 
few nonflow and typical steady-flow processes will b(‘ illustrated. Also, 
considerable attention will be given to mixtures of air and water vapor 
because of the relation to air conditioning. 

Constant-volume Process. —The Energy Equation for the constant- 
volume heating process is 

Ul + Qin = C/2 (1) 

and for the cooling process 

C7i = C72 + Qout 

in which the energy terms refer to the mixture. 


( 2 ) 
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Example.— A mixture containing a weight fraction of 0.3583 of CH 4 in CO 2 is cooled 
at constant volume from a pressure of 6,000 Ib/in.® and a temperature of 400 to 100 F. 
Determine the final pressure and heat removed per mole of mixture. 

Assuming perfect-gas relations and noting F 2 =* Fi, 

P 2 = P 1 V 1 T 2 IV 2 T 1 = 6,000 X 560/860 = 3,910 Ib/in.* 

From Table XIX, Appendix, Ucn^ at 860°R = 2599 Btu/mole. Pcog at 860®R « 
2,627 Btu/mole. C/ch^ at 560®R « 271 Btu/mole. t/co.^ at 560°R =» 280 Btu/mole. 

A weight fraction of 0.3583 of CH 4 is equivalent to a 0.605 mole fraction of CH4 in 
mixture with CO 2 . 

Substituting m Eq. (2), in the following form, 

[{MDcn, + iMV)co,\,,, = [(MU)r + (MC/)co,U + Qout 
0.605 X 2599 + 0.395 X 2627 = 0.605 X 271 + 0.395 X 280 + Qout 
and Qout = 2335 Btu 


Nonflow Isothermal Process.—This process might occur in a cylinder, 
heat being added or abstracted to maintain constant temj^erature while 
work is done by or on the medium, respectively. For an expansion of the 
medium 

Ux + - t/s + TFout (1) 

and for a compression process 

Ux + ^ U2 + Oout ( 2 ) 

If one of the eonstituemts of the mixtui'e is in the perfect-gas region, its 
internal energy remains constant during the ])rocess. Also, the heat 
transferred is evaluated more readily than the work since 

Oin = TiS. - Sx) or Oout = T{Sx ~ S 2 ) (3) 


Example. —A mixture of 1 lb of air and 1 lb of H 2 O is at a temperature of 300 F. 
The quality of the ll-iO is 0.5. An ibotheiiral change takes place in an engine cylinder 
until the volume of tlie mixture is incieased to fi\e times the initial volume. Determine 
the work dom*. 

The initial conditions are determined follows: 

From Table VI, Appendix, at 300 F, = 67.01 Ib/in.^, Vf == 0.0175 ft», V/a = 6.449 
ft®, and Vg = 0.406 ftVlh- 

« F. - Vf + xVfg = 0.0175 + 0.5 X 6.449 = 3.242 ftVlb wv 

also, f/x = Uf -h xUfg = 269.1 -f 0.5 X 830.1 = 084.2 Btu/lb wv 

and S, = Sf -h xSfg = 0.4369 + 0.5 X 1.1080 = 1.0359 Btu/(lb X ®R) 

The air occupies the same volume as the Avater vapor. Hence, 

y = = xTff = 0.5 X 6.466 = 3.233 ft® 


Pair 


MRT 


1 


1,545 X 760 


y 28.97 3.233 X 144 

and Pi = 4- Pa.r = 67.0 + 87.1 - 154.1 

The final conditions are determined as follows: 

I'jj = 5 X Ki = 5 X 3.242 = 16.21 ft® 


87.1 lb/in.2 
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Inspection of Table VIII, Appendix, shows that 1 lb of H 2 O at 300 F and a volume 
of 16.21 ft® is superheated and has the following conditions: 

Pwv = 27.5 lb/in .2 = 1.7439 Btu/(lb X °R) C/wv * 1107.3 Btu/lb 

The Water Constituent 

Qin « T AiS » 760(1.7439 - 1.0359) = 538.1 Btu/lb 
The Air Constituent 

From Eq. (17), page 56, 

S 2 Si = J Cy-^ + ^ ^ 

and, since T is constant, = 1.986 In 5 = 3.193 Btu/mole 

Then, Gin = T A^S = 760 X 3.193 = 2426.7 Btu/mole 

= 84.3 Btu/lb of air 

The Mixture 

Substituting in Eq. ( 1 ), modified as follows: 

(f^oir + f^wv)l + Gin = (f^air + U^v)2 + Wout 
and, since I/air is constant, 

684.2 +(538.1 + 84.3) = 1107.3 + TFout 
Wont = 199.3 Btu 

Non-flow Adiabatic Isentropic Process. —This process may occur in an 
engine or compressor cylinder and may involve either expansion or com¬ 
pression of the mediums. The Energy Equations for the two processes are 

/7i = t /2 + Wont (1) 

and Ui + TVin = U 2 

Since the process is isentropic, 

Si of mixture = S 2 of mixture 

and the internal-energy values of Eqs. (1) and (2) must be evaluated at 
the same entropy. 

Example.—A mixture containing a weight fraction of 0.3583 CH 4 in CO 2 at a pressure 
of 6,000 lb/in .2 and a temperature of 400 F is expanded adiabatically and isentropically 
to a temperature of 1(X) F. Determine the final condition and the work done per mole 
of mixture. 

Perfect-gas Solution 

In 1 mole of the mixture there will be 0.605 mole of CH4. (see example, page 106). 
Then, pp of CH4 = 0.605 X 6,000 = 3,630 Ib/in.* = 247.0 atm 

pp of CO 2 = 0.395 X 6,000 = 2,370 Ib/in.^ = 161.3 atm 
From Table XXII, Appendix, at 860°R, using the table values for a pressure of 1 atm, 
Scu^ = 0.605(4.78 - 1.986 In 247.0) = -3.73 Btu/°R 
^ 00 , « 0.395(4.84 - 1.986 In 161.3) = -2.08 Btu/°R 
Si of mixture = —5.81 Btu/°R 
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From Table XIX, Appendix, at 860°R, 

Ucu, = 0 605 X 2599 = 1572 Btu 
Uco^ = 0 395 X 2627 = Btu 
Ui of mixture = 2610 Btu 

An estimate of the final pressure may be obtainei by applimg I q (9), page 73, 
to tlie process Assuming a value of A* of 1 3 which is indicated from specific heat values, 
th( estimated final prcssuie is ibout 900 Ib/in 

Assuming several values for the fin d pressure, the solution is made as follows 
\t 5 () 0 ^R, JcpdI /2 for CH 4 - 0 70 ind for CO 2 = 0 07 Btu/(mjle X °R) (Table 
\XII, Appendix) 


Assume P 2 ^ 

^ 40 atm 

50 atm 

60 itm 

Partial pressure of CH4 atm 

24 20 

30 25 


Paitul pressure of CO 2 , itm 

15 SO 

19 75 


R In pp CH4 

() 33 

b 77 


R In p'p CO^ 

5 4S 

5 92 


Sof CH« = /f/rf 7 /r - 

-5 63 



iWiS of CH^ 

-3 41 

-3 67 

-3 89 

SofCO, = P^/ 7/7 -Klnw> 

-4 81 

~5 25 

-5 59 

A/SofCOi 

-1 90 


-2 21 

of luixtuie 

-5 31 

-5 74 

-6 10 


Plotting S 2 of mixture against assumed P 2 results in a solution at P 2 = 51.7 atm. 

From Table XTX, Appendix, at 5G0°R, 

rcH 4 = 0.605 X 271 = 164 Btu 
f/co 2 = 0.395 X 280 = m Btu 
1/2 of mixture = 275 Btu 

Substituting in Eq. (1), page 108, 

2610 = 275 + R"out 

or IFout = 2335 Btu 

Psychrometric Process. —The adiabatic, steady-flow saturation of a 
mixture of air and vapor by spraying an additional amount of the medium 
in the liquid staU' into the air stream results in a final tempeu-ature known 
as the thermodynamic wet-bulb temperature, provided the liquid sprayed is 
at this resulting temperature. 

Some of tlie unsaturated air that flows over the wet-bulb thermometer 
mixes with the H 2 O vapor forming from the wick around the thermometer 
bulb and leaves in a saturated condition. The evaporation of the H 2 O 
reduces the temperature of the liquid H 2 O and the mixture of H 2 O vapor 
and air that is saturated. The wet-bulb tenipiirature indicates the effect 
of the evaporation process on the leaving mixture. 
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The Energy Equation for the process, with H 2 O as the saturating 
medium, is 

“f" (Heater )“ {JihdkX mi\) (1) 

or (i^axr + = (J^air + M^Hvrv)^^ (2) 

in which the dimensions are per unit quantity of air, and Mi and aic' 
the quantities of H 2 O vapor per unit quantity of air before and after the 
air has been saturated, respectively. 


Qm 



Example.—Determine the thermod'vnamic wet-bull) tempeiaturc for 100 F air having 
a relative humidity of 50 per cent C'heck the result with the ^ alue obt uned from the 
p&ychrometric Chart D, Appendix. 

From Table VI, Appendix, at 100 F, 

Pwv = 0 95 Ib/in 2 and = 350 4 ft» 

At 50 per cent relative humidity, Pwv = 0 5 X 0 95 = 0 4S Ib/in * and I = 
350 4 -5- 0 5 = 700 8 fC/lb. 


Fair = 


MRT 1 X 1545 X 500 


= 422 5 ftVmole of air 


/'air 141(14 7 - 0 48) 

Wt of wv/rnole of air = Afi = Fair Vwv = 422 5 —■ 700 S = 0 <>02 lb 
Eq. (2) may be written 

(//air + MJKy)^^ = (//air + 1/ //.vi^ ~ (Mw/Zw)* 


The left-hand side of the equation is evaluated as follows: 

From Table XIX, Appendix, at 5G0'’R, 

//air = 1308 Btu 

From Table VI, Appendix, at 100 F, 

Mi//wv = 0 602 X 1105 2 « 665 Btu 
(^air + i»/i^wv)ioo“ = 1308 H- 665 = 1973 Btu 
The right-hand side of the equation is evaluated at various temperatures until an 
equality with the left-hand side is obtained Thus, 
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Assume T 2 

80 F 

83 F 

85 F 

P of sat wv . 

0 51 

0.56 

0.60 


633 1 

577 4 

543 5 

“ MRT2/I\:r . 

408 

412 

414 

M 2 ~ Fair ~ Fff 

0 645 

0 714 

0 762 

Mvr = M 2 - Ml 

0 043 

0 112 

0 160 

-MyrH^y Btu 

-2 

~o ! 

~S 

Btu. 

IKiO 

lino 

1204 

I/2//WV, Btu. 

707 

7S1 

S38 

Right side = sum 

1S74 

1(«.S 

1 2034 

1 


T 2 IS found to be about S3 2 F Tlio intersect ion of t })0 100 1 (ir\-bulb temperature 
line on Psyehrometnc Chait O, Appendix, wdth the ielati\e-hunijditv line of 50 per 
rent cheeks very neaih the computed wet-bulb tempei.iture 

The wet-bulb th('imoni('ter of the psvchiometer (Fig. 56), when used 
for air and H 2 O mixtures, indieates approximately the thermodynamio 
wet-bulb temperature, the deviation from the true value depending on 
variations in instiument design and operating eonditioiis. Obviously, 
heat-transfer efh^ets would cause some diviation in the temperature of 
the liquid H 2 O supplied and in the ludieation of th“ w(d-bulb thermometer. 

{Subtracting from both sido>> of Eq. (2) results in 

(//..Ji, - = (//... (3) 

This relation indieates that the enthnl])y of the mixture of air and water 
vapor at any condition minus the enthalpy of the liquid or solid at the 
(lew-point temiieratun' for tiu' given condition is constant for any thc'rmo- 
dynamic wet-bulb line on the jisychiometiic chart. Carrier and Mackeyt 
(‘ailed attention to the constancy of thivS function and harmed it ZH. 

Obviously, 

//n.,x = 2// + M wv f or ») / wet bullj (4) 

Practically, the enthalpy \ allies at saturation may be used for the wet- 
bulb lines as was done on the psychrometric chart developed by Urban in 
1935. Sec Chart D of the first edition of this book. However, Palmatier 
and Wilef have added contours of the deviation from the saturation value 

* Arnold, J. H , The Theory of the Psychrometer, Physics, 4, 255, 334 (1933) 
Wile, D. D., Psychrometry in the Frost Zone, Rfftiq, Eng , October, 1944 

tC VERIER, W. II, and C O. Mackey, A Review of Existing Psychromctiic Data in 
Relation to Practical Pioblcms, Trans , A S.M E , 50, 33 (1937). 

t Palmatier, P., and D. D, Wile, A New Psychromctiic Chart, Refrig, Eng,j 52, 
31 (1946). 
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of enthalpy (Chart D, Appendix) and have tabulated the corrections for 
Afwv and H for barometric pressures other than 29.92 in. Hg. 

Air-conditioning Process. —Air conditioning consists of changing the 
temperature and humidity of atmospheric air to some desired condition. 
This is accomplished usually in a steady-flow process (Fig. 57) in which 
the atmospheric air is inducted into one end of the system and discharged 
from the other end at the desired condition. Usually, total pressure 


Coohng 

.coils 


Entering air 
M, tOOF ^ 

90 per cent 
Rel. humidify 


^‘Baffles 

SS.SF 

iWJ, Saturated 


r—■.4'^ 

V I'l 1 

[ 1 I||i 

prluii 


(M,-t 


Condensed 

H^O 


M^) 


Heating 
. coils 


Leaving air 
Mz 70F 


60per cent 
Ref humidify 


Fig. 57.—Elementary air-conditioning apparatus. 


differences are negligible and the process is practically one of constant 
pressure. The process is divided into two parts: 

1. The temperature of the air is changed to the dew-point temperature 
of the desired condition and the air is saturated with water vapor. If 
cooling is required, the air will be saturated in some cases before the dew 
point is reached and some w'ater vapor will have be(»n removed. If 
heating is required, sufKci(‘nt H 2 O vapor must be added to make the air 
saturated at the dew point. 

2. The air at the dew-point temperature (saturated with water vapor) is 
heated at constant pressure to the desired final condition. 

Example.—It is desired to supply air at 70 F and 60 per cent relative humidity to a 
given factory room. Determine the cooling and heating requirements per mole of 
dry air. Atmospheric conditions are 100 F, relative humidity is 90 per cent, and the 
barometer is 29.5 in. Hg. 

From Table VI, Appendix, Pwv = 0.363 Ib/in.* if saturated at 70 F. Therefore, 
Pwv — 0.6 X 0.363 = 0.218 Ib/in.® Inspection of Table VI indicates a dew-point 
temperature of 55.5 F for this H 2 O vapor pressure. Thus, the atmospheric air must 
be cooled from 100 F and 90 per cent relative humidity to 55.5 F, and any surplus 
H 2 O must be removed. 


The Cooling Process 

The Energy Equation for this part of the process (Fig. 57) is 

iH%xt "f* Millwy)iQQ ~ (/fair "h “b {Mi Mi)Hf j -f- Qout (1) 
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At 100 F, pp of air is 29.5 in. Hg X 0.491 lb/(in.* X in. Hg) - 0.9 X 0.95 Ib/in.* « 
13.73 lb/in.2 

V^ir = MRT/P = 1 X 1.545 X 500/13.73 X 144 = 437 ftVmole of air 
Vwv = Va/To\ hum = 350.4/0.90 389 ftVlb of H 2 O 

Then, Mi = 437/380 = 1.124 lb of H20/mole of air 

At 55.5 F, pp of air is 20.5 X 0.401 ~ 0.22 = 14.37 Ib/in.* 

Fair = 1 X 1545 X 515.5/14.37 X 141 = 385 ftVmole of air 
Then, M 2 = VaitIVg = 385/1406 = 0.2741b of H20/mole of air 

From Table XIX, Appendix, at 560°Il, i/air = 1308 Btu/rnole, and at 515.5®R 
ffur = 1000 Btu/mole. 

The // of the water vapor at 100 F and 00 per cent relative humidity is practically 
the same as that for 100 per cent relative humidity, or Hg. The required // values for 
the H 2 O are obtained from Table VI, Appendix. Substituting in Kq. (1), 

1308 -f 1.124 X 1105.2 = 1000 + 0.274 X 10S6.1 -f (1.124 - 0.274)23.6 + Qout 
or Qoui, = 1233 Btu/mole of dry air 

In this process Mi — M 2 or 0.S50 lb of H 2 O arc condensed and removed from the air 
stream. 

The Heating Process 

The Energy Equation for the heating process (Fig. 57) is 

(//aar + + Q^n = (^axr + (2) 

Substituting the various values in this equation, 

1000 -f- 0.274 X 1086.1 -f- Qm -= 1100 4- 0.274 X 1092.3 
or Qxu = 101 Btu/mole of dry air 

Cooling-tower Process.—The cooling of liquid H 2 O used in heat-transfer 
apparatus may ho accomplished in cooling towers by spraying the liquid 
TI 2 O (Fig. 58) into an air stream which absorbs some heat from the 1120 
and removes the vapor formed during the process. The imaginary 
envelope might be around the II 2 O only, cutting the entering and leaving 
liquid (at 1 and 2 in I^'ig. 58) as well as the H 2 O leaving the liquid (at 3). 
In tliis case the Energy Equation would be 

= (1 - M,)H2 + MsH, + Qout (1) 

If th(' imaginary envelope is around the air only, cutting the entering 
and leaving stream (at 1 and 2, Fig. 58), as well as the H 2 O leaving the 
liquid at tlie same condition as before, the following Energy Equation is 
indicat(‘d; ^ 

M,„(//a,r + Ml//wv)l + MsH, + = M .ir + M2//wv)2 (2) 

Obviously, the liquid H:;0 particles are leaving the liquid stream at 
various tomj^oj-atures ranging from that of the entering to that of the 
leaving liquid. Thus, tlio assumi)tion of an.y temperature in this range 
would permit a solution of the two processes but would result in a question¬ 
able value for (2 m which must equal 4?out if heat is not lost to the sur¬ 
roundings. 
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If the imaginary envelope (Fig. 58) is around the two mediums, the 
foregoing diflSculty is eliminated and the following Energy Equation 
results, if no heat transfer occurs to or from the tower during the process: 

= (1 - Mz){Hn^o)i + 

MaitiHlLiT + MtTI-„y)2 (3) 
This may also be obtained by combining Kqs. (1) and (2), assuming 
that Qin = Qout- Also, Eqs. (1) and (3) arc written for a unit quantity of 
liquid H 2 O entering the process. 



Fia, 58.—Cooling tower and flow diagram for analysis. 


Obviously, the decrease in amount of liquid is the increase in amount 
of H 2 O vapor. Thus 

Ms = {M 2 - (4) 

Example.—It is desired to cool water from 125 to 90 F in a cooling tower. The 
temperature of the atmosphere is 80 F, and the relative humidity is (iO per cent. The 
air^enters the tower at such a rate that it will leave the tower at 105 F and at a relative 
humidity of 100 per cent. Determine the volume of air to be circulated per pound of 
liquid H 2 O flowing into the tower. 

From Table VI, Appendix, the pressure and Vg of saturated water vapor at 80 and 
at 105 F are 0.51 and 1.10 Ib/in.*, and 633.1 and 304.5 ft®/lb, respectively. Thus, 

Fair at 80 F * 1 X 1545 X 540/(14.7 - 0.6 X 0.51)144 = 403 ftVmole 
Then, ilf, = 403/(633.1/0.60) « 0.382 lb of HaO/mole of air 

Also, Fair at 105 F « 1 X 1545 X 565/(14.7 - 1.1)144 = 446 ftVmole 
and Mi = 446/304.5 = 1.465 lb of HgO/mole of air 

Thus, Mi « (1.465 - 0.382)Afai, » 1.083 Afair lb 
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Substituting values for the H terms obtained for the air from Table XIX, and for 
the H 2 O from Table VI, Appendix, into Eq. (3) results in 

92.9 + il/uir (1169 + 0.382 X 1096.6) = (1 - 1.083 ilfair) 58.0 + Jl/air (1343 -f 

1.4G5 X 1107.3) 

and Mtixt * 0.0257 mole/lb entering liquid H 2 O 

Afair Vair = 0.0257 X 403 = 10.38 ft® of atm/lb entering liquid 1120 
The make-up H 2 O to be added to offset the loss by evaporation is Alt — 1.083 X 
0.0257 = 0.0278 Ib/lb of entering liquid H 2 O. 


The height of the cooling tower n^qnired to obtain the desired cooling 
effect de])ends on the time that the air must be in contact with the H 2 O 
spray in order to become saturated. The air may be caused to flow 
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Fig. 59.—Diugrammatic sketch of NH 3 -H 2 O absorption refrigeration process. 


because of natural-draft effects or by means of fans. Thus, there are 
natural-draft, forced-draft, and induced-draft cooling towers. 

Ammonia-absorption and Generation Processes.* —Water will absorb a 
large amount of ammonia and in so doing liberates the heat of solution. 
Similarily, if heat is added to an ammonia-water system, ammonia will be 
driven out of solution. These processes are used in the ammonia-water 
absorption-refrigeration process. The weight of ammonia in a 1 lb 
solution of ammonia and water is known as the concentration x. The 
maximum possible concentration occurs when the solution is saturated 
with ammonia. Increasing the pressure and decreasing the temperature 
increase the absorption capacity of the water (see Table XVIII, Appendix). 

The ammonia is driven out of the strong solution at high pressure in 
the generator (Fig. 59). The high-pressure ammonia is condensed, flows 
through a throttling valve, as in the ammonia-compression refrigeration 
process (see Chaj). VIII), and evaporates at a low pressure while absorbing 
heat. The ammonia vapor is absorbed in the absorber at low pressure by 

* See ^Tiefrigeration Data Book/^ Am. Soc. Refrig. Engrs.f 1940. 
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a weak solution while cooling water removes sufficient heat to maintain a 
constant temperature. A continuous flow of weak solution from the 
generator to the absorber occurs while the strong solution is pumped from 
the absorber to the generator. 

An imaginary envelope may be thrown around any piece of apparatus 
in Fig. 59 and an analysis made of the steady-flow process oe(*urriiig. The 
principle of conservation of 7nass indicates equations between the entering 
and leaving amounts of solutions, as well as between the entering and 
leaving amounts of ammonia. Data for saturated solutions with various 
concentrations are obtained from Table XVIII, Appc'ndix, and with tlic^ 
quantity relations provide a solution for the amounts of fluids. TIk' 
Energy Equation for the process provides a solution for the heating or 
cooling requirement. 

Data for liquid solutions not saturated (subcoolcd) may be determined 
fairly accurately from the temperature and concentration, thus neglecting 
the effect of pressure on enthalpy. The enthalpy of superheated vapor 
is obtained from the ammonia and steam tables at tlu' partial pressures 
indicated by the concent]*ation. For low superheat a mean specific-heat 
value of Cp = 0.55 Btu/lb may be used to determine the increase in 
enthalpy above the enthalpy of the saturated inixtui-e. 

Example.—A liquid mixture of Nlh and II 2 O at 100 F and 140 li)/in.2 pr flows 
steadily into a generator (Fig. 59). The ainnionia coi ccntialien is 0 400. Heal is 
added to the mixture in the generator by the condensing of saturated st(*aTu .supplied 
at a pressure of 14.7 Ib/in.^, the condensate leaving at 200 F. Some of the mixtun' is 
vaporized and leaves saturated at 200 F and 140 Ib/in.^ gage pr. Th(» remaining 
portion which is a saturated-liquid mixture also flows out of the generator at 200 
and 140 Ib/iii.^ gage pr. Determine the pounds of steam supplied per pound of 
ammonia evai)orated. 

From Table \ Ill, Appendix, at 100 F and x — 0.400, 

xi = 0.400 and IIi == —5 TUu 

From Table XVllI, Appendix, at 140 Ib/in.^ gage and 200 F, 
xi = 0.045 and IJ 2 — 732 lUu 
Also at 140 lb/ui.2 gage and 200 F, 

j '3 = 0.355 and Hz = lOS Btu 
Assuming that J lb of modium enters the generator, for steady flow 

Ml = 1 lb = il /2 + Mz (1) 

Also, since the ammonia entering equals the ammonia leaving, 

MiXi — M2X2 + MiXi ( 2 ) 

0.400 X 1 = 0 . 915^/2 + 0.355A /3 
Solving these two relations 

Mi = 0.0S7 lb and Mz = 0.913 lb 
The Energy Equation for the process is 

{MiHOu^o + MJh = MJh + MzHz -h {MJhhi.o 


(3) 
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Thus, Ma = (0.087 X 732) + (0.913 X 108) - (1 X -’5)/(1150.4 -- 108.0) 

= O.ICO lb steanVlb of strong solution entering the generator 

Ammonia evaporated = X 2 M 2 = 0.94.5 X 0.087 = 0.082 Ib/lb mixture circulated 

The heat supplied by the steam is 0.100(1150.4 — 168.0) = 157.0 Btu/lb of mixture 
circulated, or 157.0/0.087 = 1800 Btu/Ib of vapor leaving the generator. 

EXERCISES 

Properties of Mediums 

1. Methane is diluted with carbon dioxide until the heating \alue of the mixture 

in Htu/ft^ is 0 7 that of pure methane. Kach gas is available at 15 Ib/in.* abs pr. 
The total pressure after mixing will be 14.85 lb/in.- abs. Deteriiiine the desired volume 
and weight ratio of the gases as supplied and the partial pressure of each gas in the 
mixture. Am, \ ol. ratio = 0.429; wt. ratio = 1.179. 

2. Air and CO 2 at a temperature of 150 F occupv a chamber having a volume of 
14.4 ft^ The total pressure of the uiixture is 110 Ib/in.^ abs, the air pressure being 
10 Ib/in.® abs. Dotermiiic the volume and weight analysis of the mixture, (a) assuming 
perfect-gas relations, {h) using lata from the Appendix for the C’Oi. 

3. Determine the amount of .ammonia vapor to saturate 1 lb of air at 60 F. Total 

pressure is 200 lb/in. 2 abs. Ans. 0.7581b. 

4. The volume analysis of air is 0.21 O 2 , 0.78 N 2 , and 0.01 A, approximately. Ten 
pounds of air at a pressure of 14.7 Ib/in.^ abs are to be compressed to a pressure of 
10,000 lb/in.2 and a temporalure of 140 F. Determine the final volume, (a) assuming 
perfect-gas rel.ations, (h) based on reduced conditions and compressibility factors. 

5. Determine the amount of water vapor to saturate 1 lb of air at 60 F at sea level’ 
also at the conditions at 50,000 ft altitude. 

6. Peteniiine the amount of wattT vapor per pound of air at a temperature of 0 F 
and a relative humidity of 60 per cent. Total pressure is 14.7 Ib/in.^ Ans. 0.000471. 

7. The mixture in Exercise 6 is heated at constant pressure to 70 F. Determine 

the relative humidity at this condition. Am. 3.06 per cent. 

8. A mixture of aii and saturated water vapor is cooled from 140 to 0 F at a constant 
pressure of 14.7 Ib/in.^ determine the final xolume, V and U per pound of air. 

9. Pomimte and plot tlu* specific and residual volumes of a mixture of methane 
and 7t-pentanc, having a 0.t3S57 weight fraction of methane, at a temperature of 160 F 
and for various pri'ssures in the v.anous phases (see Fig. 55) 

10. Evaluate and plot the residual volumes for a mixture of CH 4 and CO 2 having a 
0.3583 weight fraction of CH 4 at the temperatures li.sted in Table XXIIl, Appendix. 

11. One pound of air at 60 F and at a pressure of 1 atm is mixed with 1 lb of CO 2 at 
the same conditions. The final temperature is 60 F and the total pressure is 1 atm. 
Determine the increase in entropy because of the mixing process. Ans. 0.0763 Btu/°R. 

12. A chemically correct mixture of octane and air consists of 1 ("sHig -f- 12.5 Oi + 
47 N 2 . The products of reaction are 8 ( 3)2 -h 9 II 2 O -f 47 X 2 . Determine the entropy 
ol a mixture' of air and fuel, containing 0.9 Ih of air, aiul of products resulting from 0.1 
lb of air. The entropy of each of the constituents at 1 atm and 60 F is 0. 

Proces'ics 

13. Determine the heat added for the process in Exercise 7. 

14. A chamber contains 1 lb of air saturated w ith 1 lb of H 2 O at 160 F. The chamber 
is cooled until the temperature is 0 F. Determine the heat removed from the mixture 

Ans. Q = 1746 Btu. 
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15 . A mixture of CH4 and CO2 having a 0.3583 weight fraction of CH4 is heated at a 
constant pressure of 3,000 lb/in.> from 100 to 460 F. Determine the heat added per 
mole of mixture, assuming perfect-gas conditions. 

16 . One pound of H 2 O is distributed in small liquid particles in 1 lb of air immedi¬ 
ately before adiabatic isentropic compression in a compressor cylinder. The initial 
pressure and temperature are 14.7 Ib/in.* and 100 F, respectively. The mixture is 
compressed to 1/15 of the original volume. Determine the final pressure and tem¬ 
perature and the work per pound of air. Compare with the work of compressing the 
air alone. Ans. W « 184 Btu/lb of air alone; TF = 112 Btu/lb of air; T 2 — 184 F. 

17. A mixture containing a weight fraction of 0.3583 CH 4 in CO 2 at a pressure of 
18 atm and a temperature of 100 F is compressed adiabatically and isentropically to 
400 F. Determine the final pressure, the volumetric compression ratio, and the work 
requirement per mole of mixture, assuming perfect-gas conditions. 

18. The atmospheric air is at 0 F and a relative humidity of 0.50. Determine the 
heat and H 2 O requirements to change the condition of the air to 70 F and 70 per cent 
relative humidity. H 2 O liquid is supplied at 50 F. Assume steady-flow conditions. 

Ans. 28.6 Btu/lb of air. 

19. It is proposed to condition the air in Exercise 18 by mixing the atmospheric air 
with steam under steady-flow conditions. Determine the required amount and con¬ 
dition of the steam. Steam pressure is 100 Ib/in.* abs. 

20. Determine the volume of atmospheric air to be circulated per pound of liquid 
H 2 O flowing to the cooling tower in the example, page 114, for air at leaving tempera¬ 
tures of 100, 110, 115, and 125 F. Plot the results against temperature. 

21. A chamber contains 1 mole of air at 140 F and 14.7 Ib/in.* Sufficient liquid 
H 2 O at 60 F is sprayed through a nozzle into the chamber to saturate the air. The 
pressure of the H 2 O before being sprayed through the nozzle is 3,000 Ib/in.® Determine 
the equilifiriura temperature of the mixture, assuming no heat transfer to or from the 
chamber. 

22. The high-pressure vapor leaving the generator in the absorption refrigeration 

plant is condensed at a pressure of 140 Ib/in.^ The ammonia concentration of 

this vapor is 0.945 (see Example, page 116). This is the concentration also for the 
liquid after the condenser (Fig. 59). Determine the maximum temperature possible 
for the liquid and the heat removed from the condenser jier pound of ammonia. 

Ans. 84 F; Qout = 655 Btu. 

23. The liquid ammonia-water mixture flows through the expan^on valve (Fig. 59) 
and has its pressure reduced from 140 to 20 Ib/in.^ gage. The temperature ahead of 
the valve is 84 F. The ammonia concentration is the same as that of the liquid leaving 
the condenser in Exercise 22, or 0.945. Determine the liquid fraction of the fluids 
leaving the evaporator, if the temperature is maintained at 20 F, and the heat removed 
from the brine per pound of ammonia circulated. 

Ans. Liquid fraction, 0.233; X 2 = 0.999; Xs== 0.753; Qm = 392 Btu. 

24. The condition of the strong liquid solution leaving the absorber is 20 Ib/in - 
gage and 90 F. The condition of the weak solution entering the absorber is 20 Ib/in,^ 
gage, and X 2 ~ 0.355 (see Example, page 116). The strong solution leaves the heat 
exchanger at 140 Ib/in.^ and 100 F. Determine the temperature of the weak solution 
between the heat exchanger and the valve, a.ssuining no heat loss from the heat exchanger. 

Ans. 191 F. 

25. Using the data given and obtained in Exercises 23 and 24, determine the heat 
removed from the absorber per pound of fluids entering from the evaporator. 

Ans. 1555 Btu. 
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AVAILABILITY OF ENERGY 

Availability. —Energy is available in the thermodynamic senso when it 
can be converted completely into m(‘chanical work. The availability of 
any form of energy is the measure of the possibility of traiisformmg that 
form of energy into mechanical work. AltJiough th(^ Energy Equation for 
any given process accounts for all the forms of energy involved in tlw 
process, it does not indicate the maximum work obtainable from the form 
of energy supplied. The availability of the various forms of energy may 
be investigated by using two frictionless processes for each case: 

1. Supply the form of energy to a medium in such a manner that all of 
the energy supplied appears in the same form in or associated with the 
medium. 

2. Use a work process that transforms only the form of energy under 
consideration into work. 

Potential energy of a given medium can be increased by raising it above 
the earth’s surface. This may be accomplisht'd by making use of the 
potential energy of another medium which dc'seends sufficient!}" toward 
the earth’s surface while exerting a force that elevates the original medium. 
In the ideal frictionless case, the decrease in i^otontial energy of the one 
is equal to the increase in potential energy of the other. 

The given mc'dium can exert a force, equal to its weight, on a mechanism 
that moves and do work amounting to the dc'cn^ase in potential energy 
while it is lowered to its original positioii. Cons(*quently, potential 
energy is 100 per cent available in the id(‘al frictionless case. 

Kinetic energy may be acquired by a medium by perfectly elastic impact 
with another medium possessing kinetic (mergy. The second medium 
may be considered a sourc(' of kinetic energy. The kinetic energy acquired by 
the first nu'dium may be decreased by causing it to exert a forc(' on a mechan¬ 
ism, which moves while gradually bringing the medium to rest, and thus 
kinetic energy is transformed into work. The evaluation of kinetic energy 
from the work obtainable (page 18) indicates that in the ideal frictionless 
case kinetic energy is 100 per cent available. 

Flow work is evaluated also from the force-distance concept (Chap. II) 
and is therefore 100 per cent available in the ideal frictionless case, since 

119 
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the force can be applied to a moving mechanism as well as to a fluid. 
Thus, the steady-flow work evaluated for a medium entering a system 
containing an engine mechanism could be transformed wholly into 
mechanical work if fluid friction did not cause a pressure drop between 
the entrance of the system and the engine. 

Internal energy of a medium, like potential energy, is measured above 
an arbitrary datum plane (see tables in Ai)i)endix). The internal energy 
of a medium can be increased by ti-ansferring internal energy from a hot 



Volume 

Fig (iO. —Pressure-volume diuRram for work values. 


medium to the given medium while held at constant volume. This is 
known as constant-volume heating, in which case 

C^in = t/2 *“ L/1 ( 1 ) 

Assuming the medium to be a perfect gas initially at atmospluTic pr(\ssure 
and temperature ( 1 , Fig. 60), this addition of internal (‘lUTgy \^ill cause 
the pressure to be increased from 1 to 2 . The mc'diuin is now in a con¬ 
dition to do work by exerting a force against an engine piston that may 
move. An ideal adiabatic expansion process transforms internal energy 
of the medium directly into work until the pressure of the mc'dium is 
decreased to atmospheric at point 3, at which condition the pr(\ssui-(' on 
both sides of the piston is atinos|)h(n’ic. For this process, the work done 
by the expanding gas on the jiiston is 

Woui = [/2 - Uz ( 2 ) 

Obviously, Ts is higher than Ti since F 3 is larger than Vy for the same 
amount of medium at the same pressure. Thus, U 3 is greater than C/i, and 
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* T^out U 2 Ui (3) 

Thus, in a single process of adiabatic expansion of a modium against a 
piston mechanism, the atmospheric pressure limits the amount of internal 
energy originally supplied that can be conv('rtcd into work. Actually, the 
net work out, considering the atmospheric pressure, is represented by the 
area 1-2-3 and is much less than U 2 — f/i, which is represented by the 
total area under the path 2 to 4 (Fig. 60). 

Heat transferred to the medium results in the increase in internal energy 
in the foregoing case. Hence, the a\ 4 ailability of the heat transferred is 
less than 100 per cent as already indicated for internal energy. Adding 
heat at constant pressure from 1 to 3 (Fig. 60) reduces the net work 
obtainable to zero. Thus the heat added at constant pressure is less avail¬ 
able than that added at constant volume, indicating that the availability 
depends on the manner in which the heat is added. However, in this case 
the heat added is less than that added at constant volume.* 

Chemical Energy. —No process is known whereby the chemical energy 
of a medium may be transferred as such to increase th(' chemical energy 
of another medium. Neither is a process known whereby chemical energy of 
a m('dium can be transformed directly into work. 

The liberation of chemical energy by the (*ombustion process at constant 
volume results in the transformation of chemical energy into internal 
energy of the products of reaction. This process places the same limita¬ 
tion on availability of chemical energy as on internal energy. However, 
when some mediums react, a large portion of the chemical energy is trans¬ 
formed directly into electrical energy which is 100 per cent available in 
the ideal case. Thus, for the electrochemical process such as occurs in 
the storage battery, the availability is very high as will be shown later. 

Elimination of Atmospheric Pressure Limitation. —If the ideal adiabatic 
expansion process (Fig. 60) is continued until the temperature of the 
medium is reduced to T 4 , which is atmospheric, the work on the piston 
amounts to U 2 — ?7i, since LU = for a perfect gas. However, the net 
work because of the work of the piston on the atmosphere is represented 
by area A — area B. This is less than in the previous case where the 
process stopped with the medium at atmospheric pressure.f 
* This can be proved by comparing the Energy Equations for the two paths 1-2-3 
and 1-3. 

t Obviously, a double-acting cylinder might be used and the air might be removed 
so that a perfect vacuum could be assumed on the crank side of the piston. However, 
the minimum work required to remove the air would he ecjual to the work that the 
piston does on the atmosphere during the expansion stroke, and the net work would 
be the same as for this illustration. 
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The work done on the atmosphere daring the expansion process can be 
regained if the piston is allowed to return to its original position. If the 
return stroke is an ideal adiabatic compression process, the medium will 
follow the path 4-3-2 and the net work of the series of processes will be zero. 
Thus, heat must be removed in order to reduce the work done on the 
medium during the return stroke, and the greater the amount of heat 
removed the lower will be the pressure and the smaller the work done on 
the medium during the return stroke. However, heat transfer necessi¬ 
tates a temperature difference (zero difference at. the limit) between the 
medium in the cylinder and the medium to which the heat is rejected. 
Since the surrounding atmosphere is practically the lowest temperature 
medium available, the maximum work will be obtained with the isothermal 
compression process which returns the medium to its original condition 
at 1. Since the work done during compression, is represented by 
areas beneath the path 4 to 1, 

Net work (area A + area C) = C /2 — — iWi 

Thus, making use of the series of processes that returned the medium 
to its original condition (a cycle) eliminated the limitation imposed by the 
atmospheric pressure on the work obtainable from a given amount of 
internal energy or heat supplied. Although the net work is increased by 
the use of the cycle instead of the single process, the atmospheric tempera¬ 
ture limits the possibility of transforming the internal energy or heat 
supplied into work. Thus, internal energy and heat are not 100 per cent 
available even with the cyclic process. 

Carnot’s Principle and Cycle.—The foregoing analysis for the availability 
of internal energy or heat supplied indicates the desirability of heat rejection 
at the lowest possible temperature from a medium undergoing a cyclic 
process. In 1824, Carnot recognized this criterion for maximum availa¬ 
bility and also the desirability of adding all of the heat to a medium under¬ 
going a cyclic process at the highest possible temperature. He also recognized 
the desirability of connecting these heat-addition and -rejection processes 
with adiabatic frictionless processes which do not result in any loss of 
availability. Thus, his cycle for maximum availability of heat supplied 
consists of the following four consecutive processes: 

1. Addition of heat to the working medium at a constant temperature 
equal in the ideal case to the temperature of the hot body or source of heat. 

2. Adiabatic expansion of the medium, without fluid friction, to the 
temperature of the cold body or refrigerator. 

3. Rejection of heat from the medium at the constant temperature of 
the cold body or refrigerator. 
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4. Adiabatic compression of the medium, without fluid friction, to the 
initial condition. 

This cycle results in the maximum amount of net work obtainable for 
the given temperature limits and is the criterion for availability in heat- 
engine processes. In any cycle (Chap. VIII) all energy terms that depend 
on the condition, position, or motion of 
the medium (point functions) are the same 
at the beginning and end of the cycle. 

Consequently, the Energy Equation for a 
cycle is 

IV,n -f- Qin = Wout + Qout (1) 

Or, in an engine cycle. 

Net Wont = Wont - W,o 

— Q in Qout (2) 

The Carnot cycle is rectangular on the 
T-S diagram (Fig. 61). The area enclosed 
n-presents the difference between heat in 
and heat out, and this area is equivalent 
to the net work. 

The heat supplied to the medium at the source temperature Ts is 

Qin = Ts(ri2 — ^i) (3) 

The heat rejected4rom the medium at the refrigerator temperature Tr is 
Oout = TniSi - Sx) (4) 

and Net Wont = (Ts - TrKS^ - Si) (5) 

Net TFout Ts - Tr 



En+rop'y 

Fig 61 — TS diagram of (''arnot 
cycle. 


Also, 


Eff = 




Ts 


( 6 ) 


This represents the maximum efficiency possible for the heat-engine 
process, since the area of the ideal rectangular cycle on the T-S diagram 
is the largest work area for any assumed temperature and entropy limits, 
z.e., for any given amount of heat supplied. The Carnot efficiency is 
independent of the medium since it depends only on source and refrigerator 
temperatures. 


Example.—A Carnot cycle operates between a source temperature of 540 F and a 
refrigerator temperature of 140 F. Determine the efficiency of the cycle, the work 
out, the heat rejected to the refrigerator, and the entropy change during heat rejection 
per 1000 Btu of heat added. 
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Eff 

^Ts- 


1000 - 600 

Ts 


1000 

TFout 

~ Qin X 

ii 

1000 X 0.40 = 

Qout 

“ Qin 

TFout 

= 1000 - 400 

AS 

Qont 
Tr * 

600 
' 600 

* 1.0 Btu/°R 


0.40 

400 Btu 
« 600 Btu 


Unavailable Energy and Entropy, —The energy that cannot be trans¬ 
formed into work in the Carnot cycle is rc'jected as heat and is calhjd 
unavailable energy. Thus, heat added to a medium may be divided into 
^two parts as indicated by Carnot cycle analysis, namely, available {Qa) 
and unavailable energy {Qr)^ and, 


Qin ^ Qa + Qr (1) 

From Fig. 61, Qa/Q^ = {Ts - Tr)/Ts (2) 

and Qft/Qin = Tr/Ts (3) 

or • Qr = Tr{Q,JTs) = Tr AS* (4) 

and AS == Qr/Tr (5) 



Thus, entropy is a measure of the un¬ 
availability of energy, an increase or 
decrease in entropy indicating an increase 
or decrease, respectively, of the unavail¬ 
able energy transferred to or from a 
medium. Also, since Tr, the temperature 
at which heat is rejected, is constant in 
the Carnot cycle, unavailable energy 
change and entropy change are directly 
proportional to each other. 

In general, the addition of heat to a 
medium increases both the available and 
the unavailable energy of the medium. 
The area on the T~S diagram representing 


En+ropv added is divided into these two 

prfce» wiL cZg- the refrigerator temperature, the 

ing temperature. area above being the available and that 

below the unavailable energy change. Likewise, the rejection of heat from a 


♦This is apparent from Fig. 61, but it should be noted that the heat added or ab¬ 
stracted divided by the temperature at which the heat transfer occurs has already 
been defined as the change in entropy. 

AS is the entropy change of either of the heat-transfer processes and not the entropy 
change for the cycle. Obviously this change is zero. 
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medium reduces both the available and the unavailable energy of the 
medium provided the temperature of the medium from which heat is 
rejected is above the refrigerator temperature. 

For heat-transfer processes involving temperature change, the unavail¬ 
able-energy change may be determined by assuming the heat to be 
supplied at various temperatures to a number of Carnot cycles adjacent 
to each other on the T-S diagram (Fig. 62). Each cycle receives a small 
amount of the heat at a temperature different from the other cycles, but 
the heat-input lines of the various cycles approach the path of changing 
temperature indicating the process as the number of cycles is increasc'd to 
the limit. 

Since Ti is differemt for ea('h cycle, Eq. (4) becomes 

Unavailable energy = ^ (6) 

which is the expression for unavailable onerp;y chanji^e only for a medium 
ihat undergoes a temperature change during the heat-transfer process. It 
follows from Eq. (5) that for this process 


V = = r 

' Tn k 


Me (IT 
T 


In using this relationship it should be noted that c is usually a function 
of T. 


Example,—Determine the increase in available energy and entropy of 1 lb of H 2 O 
when heated at a constant pressure of 14.7 Ib/in.* from 50 to 140 F. Assume a con¬ 
stant specific heat of 1.0 Btu/(lb X °F dilT.). Refrigerator temperature is 50 F. 

Since the temperature changes during the process, 

Qn = = ThMc In j) = .'510 X 1 X 1 X In — = 82.92 Btu 

Jti i J 1 

= ^ = = 0.1626 Btu/°R 

IR 510 

From Table VI, Appendix, the entropy change along the saturated-liquid line, 
w’hich is almost the same as for the constant-pressure path of 14.7 Ib/in.*, is found to be 

[a*S] 140^ = 0.1984 - 0.0361 = 0.1623 Btu/°R 
The total heat supplied is 

« /Me dT = MciTz - Ti) * 1 X I X (140 - 50) = 90 Btu 
Thus the increase in available energy is 


90 - 82,9 « 7.1 Btu 
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The determination of the change of entropy and unavailable energy for 
the constant temperature heat addition or rejection process has already 
been indicated in the treatment of the Carnot cycle. Thus 

AS = Q/T (8) 

and Qb = Tr AS (9) 

The unavailable energy and entropy of a medium may be increased by 
a self-acting process occurring within the medium. In this case, provided 
the system is isolated, the increase in unavailable energy must (‘qual the 
decrease in available energy because the total energy is constant. There 



En+ropy 


Fig. 63.— T-S diagram of heat-transfer process. 


are two processes that cause this so-called degradation of available energy 
to unavailable energy: the heat-transfer process and friction process. 

Heat-transfer Process. —Heat transfer occurs when a temperature dif¬ 
ference exists between two mediums, or between two parts of the same 
medium. The heat is transferred by radiation, convection, and conduction. 
The transfer of heat usually causes the temperature of the hot medium to 
fall and that of the cold medium to rise, although heat transfer may occur 
at constant temperature. Since the heat rejected by the hot medium is 
equal to the heat absorbed by the cold medium, the areas beneath the 
paths representing the processes on the T-S diagram are equal in the ideal 
case. The area representing the heat rejected (Fig. 63) is higher and 
consequently has less width or change in entropy than the area representing 
the heat absorbed. Thus, the increase of unavailable energy and entropy 
of the cold medium is greater than the decrease of these items for the hot 
medium, while the decrease of available energy of the hot medium is 
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greater than the increase for the cold medium. The same statements 
apply to heat transfer at constant temperatures for both mediums. 

Example. —Two hundred pounds of H^O at 25 Ib/in.* pr are divided into two equal 
parts having temperatures of 140 and 240 F. Determine the decrease in available 
energy caused by heat transfer that equalizes the temperature between the two parts. 
The refrigerator temperature is 40 F. Assume a constant specific heat of 1 Btu/(lb X 
°F diff.). 

During temperature equalization the heat rejected by the hotter part is equal to tlie 
heat received by the colder part. Thus 

Me AThot “ Me A7'coid 

Since the masses and specific heats are the same 

Thot Tjaix ~ I mix Tcold » 

or To..* = 5[i2L+^'‘! =. 660°R 

The heat transferred is 

Oin = Qout = 100 X 1 X (700 - 650) = 5000 Btu 
The unavailable energy change for the hotter medium is 

Tr = Tr r^Mc^ = 500 X 100 In — = - 3705 Btu 

jTi i 7U(J 

The unavailable energy change for the colder mediuiii is 

Tr as = Tr = 500 X 100 X 1 In ^ = 4000 Btu 

Jii I 600 

The energy and entropy values are summarized as follows: 


Medium 1 

Q 

Qr 

Qa 


Hot. 

-5000 

-3705 

-1205 

-7.41 

Cold . 

+6000 

4-4000 

4-1000 1 

1 4-8.00 

Mixture . 

0 

+2!)5 

-205 

4-0.59 


The net result is that no heat is added to or rejected from the mixture as a whole. 
However, the heat transfer between the two parts increased the unavailable energy 
of the mixture at the expense of the available energy of the constituents. 

The net change of entropy for the 200 lb is 

« Qr/T « 295/500 « 0.59 Btu/°R 

The foregoing example indicates that the entropy change in an isolated 
system is a direct measure of the change of unavailable energy. 

Friction Process.—It has been shown that the atmospheric pressure 
limits the amount of internal energy originally supplied that can be trans- 
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formed into work in a process. Also, the atmospheric or refrigerator 
temperature limits the amount of heat originally supplied that can be 
transformed into work in a cycle. However, it is always possible to 
transform work or any form of energy completely into internal energy or 
heat. A typical example is the transformation of the kinetic energy of a 
moving automobile into internal energy of the brakes when they are 
applied in stopping a ear. The increase in internal energy of the brakes 
results in a temperature rise which causes heat transfer from them to the 
adjacent parts of the car and eventually to the surrounding atmosphere. 



Fig. 64.—Dissipation of woik by friction (available enerRy supplied). 


The total amount of hoat transft'irod from the brakes is (^qual to the work 
dissipated by friction at the brakes. 

A paddle wheel irnmersc^d in water in a container (Fig. 64) may be 
driven by an electric motor, in which case, work is supplied to th(' i)addl(‘ 
wheel and appears as an increase in energy of the water. The paddle 
wheel causes movement of the water and the various stn^ams of wat<'r 
flowing at different velocities result in a shearing effect which dissipates 
the kinetic energy into internal energy. 

If the \\at(T in the foregoing case is maintained at constant pressure the 
work done on the water will be 

= //2 - Hi (1) 

The increase in enthalpy would be the same if the energy had been added 
by heat transfer from a hot body. Consequently, the area (Fig. 64) 
beneath the constant-pressure heating path on the TS diagram represents 
the work done on the water. The area beneath the refrigerator tempera¬ 
ture represents the increase of unavailable energy of the water as well as 
the decrease of available energy of the entire process, since all of the 
energy added was originally available. 
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The T-S diagram (Fig. 64) may also be used to represent the amount of 
kinetic energy dissipated by friction. In this case the area beneath the 
path represents KBi — KE^, all of which was originally available. Thus, 
for a steady-flow process, 

KEi + Ih = KEi + Hi ( 2 ) 

from which KEi — KEi = Ih — Hi (3) 


Process in 



Process in 
perfect-qas region 



Fig. (k 5.—Dissipation of kinetic energy by friction (self-acting jiroccBs). 


A stoady-flow adiabatic constant-entropy process (Fig. 05) results in an 
approcinblc increase in kinetic energy for an appreciable decrease in 


pressure. Th(* Energy Equation for this pi*ocess is 

KEi + //i = KE 2 + H 2 (4) 

or KE 2 - KEi - II, - Ih (5) 

If some of the kinetic energy is dissipated by friction, H 2 will be in¬ 
creased to Ih along the i)ath 2 to 3. 

Thus, KE, - KE, ^ H,- H, (6) 

and the net energy dissipat('d l)y friction is 

KE 2 - KE, = Ih - Ih (7) 


which is represented by the area beneath the refrigerator temperature 
between 2 and 3 if the process ends in the saturated region. This indicates 
the increase in unavailable energy because of the friction process. The fric¬ 
tion may occur after point 2 hius been reached or may occur while the expan¬ 
sion is taking place. The path for the first case is 1-2-3, while for the second 
case it is 1-3. In both cases the area beneath the path on the T-aS diagram 
represents the total amount of kinetic energy that undergoes transforma¬ 
tion during the friction process. 

Assuming that the kinetic energy at point 1 (Fig. 65) is negligible and 
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that all of the kinetic energy developed by each part of the pressure drop 
is immediately dissipated by the friction process, the constant-ff line 
from 1 to 4 would represent the path of the process. The area under 
2 to 4 is equal \jo Hi — Ht which is the maximum increase in kinetic energy 
possible by the given pressure or temperature drop, all of which has been 
made unavailable if the medium is in the saturated region. The area 
under the path 1 to 4 represents the total amount of kinetic energy that 
undergoes transformation during the friction process. This is greater in 
amount than the ideal increase in kinetic energy for the same pressure 



Fig. 66 .—Effect of divergence of i>re8sure lines on amount of KE undergoing friction process. 


drop and is accounted for by the dissipation of kinetic energy into enthalpy 
at pressures above tlu) lowest attained. This permits the enthalpy thus 
obtained to be partly converted again into kinetic energy by a further 
pressure drop, etc., until the final pressure is reached. Thus, the con¬ 
tinuous dissipation of kinetic energy into enthalpy and its part regeneration 
into kinetic energy, etc., result in a total transformation of kinetic energy 
represented by the area under the path 1 to 3, which is larger than the 
ideal amount obtainable from the given pressure drop. 

The foregoing can be seen on the Mollier diagram (Fig. 66) for a process 
having two ideal pressure drops with complete dissipation of the kinetic 
energy into enthalpy between the two parts and after the second part. 
The inherent divergence of the pressure lines on this diagram indicates 
that Hi — Hi, is greater than H^ — Hz and therefore the total kinetic 
energy dissipated by friction from 2 to 4 and from 5 to 6 is greater than 
the kinetic energy obtained from the ideal process from 1 to 3. Obviously, 
replacing the two pressure drops by an infinite number of infinitely small 
pressure drops, with immediate dissipation of the resultant kinetic energy, 
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is indicated by a path from 1 to 6 with the maximum amount of kinetic 
energy of the fluid dissipated by the friction process. 

In the gaseous region (Fig, 65) the increase of unavailable energy 
accompanying similar friction processes is less than when the process is 
in the saturated region, since the dissipation of kinetic energy into enthalpy 
results in an increase in temperature of the gaseous medium. This 
increase in temperature indicates that some of the kinetic energy of the 
fluid that undergoes transformation during the friction process is again 

Process in Process in 




Fig. (17.—Effect of friction in adiabatic compression processes. 

available at the end of the process. Thus, while Hz — H 2 (Fig. 65) re- 
liresents the kinetic energy transformed into enthalp}" by the friction process 
for the path 1-2-3, the area 2-3-5 represents the part of this energy that 
is available at the end of the friction process for a gaseous medium. Also, 
the energy represented by the area under 2 to 3 {Hz — H 2 ) is all unavail¬ 
able if the medium is in the saturated region. 

Decreasing the velocity of flow of a medium by a frictionless adiabatic 
process (the diffuser process) is represented by a constant-entropy line 
(1 to 2, Fig. 67). The Energy Equation for this process is 

Hi + KEi ^ H 2 + KE 2 ( 8 ) 

Fluid friction causes an increase in entropy, the resulting condition 
depending on the final kinetic energy and the amount dissipated by the 
friction process. The final enthalpy is determined from the Energy 
Equation 

Hi + KEi ^ Hz + KEz (9) 

Equations (8) and (9) indicate that Hz = H 2 if KEz = KE 2 ^ For this 
case, points 2 and 3 are on the same H line. Again, the area beneath the 
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path representing the process on the T-S diagram (1 to 3, Fig. 67) indicates 
the amount of kinetic energy that is transformed into enthalpy in the 
friction process. 

Example. —H 2 O at 14.7 Ib/in.^ pr and at an entropy of 1.59 is flowing with a kinetic 
energy of 100 Btu/lb into a diffuser which reduces the kinetic energy to 20 Btu/lb. 
Fluid friction causes the entropy to increjise 0.04 Btu/(°R X lb). Determine the 
approximate amount of kinetic energy dissipated by the friction process. 


Cylinder^ 



Fig. 08.—Kffeo( of friction during compression on P-V diagram. 

Substituting in the Energy Equation (Eq. 9) for lliis pnicess, 

1042 4- 100 = I/s + 20 

//a = 1122 Btu/lb 

Also Ss = Si 4- 0.04 = 1.50 4- 0.04 = 1.03 

At 1/3 = 1122 and S 3 = 1.03, on the //-N diagram (Appendix), P 3 — 33 Ib/in.^, and 
T 3 = 255 F 

The pressure that would have been attained in a frictionless process is indicated by 
the condition of H 2 — 1122 Btu/lb and aS 2 = 1.59. Tliese data indicate a pressure of 
49 lb/in .2 

Assuming a straight line for tlie path of the friction process on the 7 ^-aS" diagram, the 
mean temperature for tlie i)roce.ss is (212 -j- 255)/2 = 234 F. The area beneath the 
path is equivalent to the kinetic energy which is transformed into enthalpy by the 
friction process. Thus, 

T AS = (234 4- 400) X 0.04 = 28 Btu 

Obviously, the highest final pressure is attained with the self-acting 
compression process if frictionless and if the final kinetic energy is 
zero. 

The frictionless adiabatic compression process is rej^resented by a con¬ 
stant-entropy line (1 to 2, Fig. 67). A rotary compressor imparts a 
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velocity to the medium being compressed. This results in a fluid-friction 
effect which transforms some of the kinetic energy into internal energy and 
causes an increase in entropy during the compression process. This 
process is similar to that of stirring a medium being compressed in a 
cylinder (Fig. 68). In this case the work dissipated in the stirring process 
only is represented by the area beneath 
the path on the T-S diagram if the 
process is adiabatic. The area beneath 
the path on the P-F diagram is the 
work done by the piston on the me¬ 
dium being compressed. However, 
the total work required is the sum of 
the stirring and the piston work. The 
area under the path 1 to 3, or 1 to 4 
(Fig. 67) represents the kinetic energy 
dissipated into internal energy in a 
nonflow process, or into enthalpy in a 
steady-flow i)rocess, of which only the 
portion above the refrigeratoi‘ temper¬ 
ature is available at the end of the 
process. The area under 2 to 4 on the 
T-S diagram represents the increase in total work because of the friction 
process. Hence, the area 1-2-4-1 represents the additional work of com¬ 
pression (which can be shown on the P-V diagram) that is required be¬ 
cause of the increase in enthalpy of the me lium by the friction process. 

The ratio between the increase in enthalpy for the adiabatic frictionless 
process (1 to 5, Fig. 67) to the increase in enthalpy for the actual process 
(1 to 3) is termed the adiabatic efficiency of the compressor or supercharger. 

Ordinai’ily tluTe is veiy little fluid friction during the comi)ression of a 
medium in a compressor cylinder or during expansion of a mc'dium in an 
engine cylinder. However, if the cylinder design is such that kinetic- 
energy or turbulent effects are introduced, fluid friction, entropy increase, 
and a loss of available energy will result. Any c^dinder that has a throat 
or restricted passageway between the principal cylinder volume and the 
clearance space, as is the case for many internal-combustion engines, is 
the cause for such friction effects in the process occurring therein. The 
friction effects are negligible, however, if the piston is moved slowly. 
Assuming no heat transfer for such a compression process (the dashed line 
from 1 to 2, Fig. 69), the Energy Equation for the process is 


r^Resfnchnq orifice 



Fio. 69.—Friction process in c )mpres8or 
cylinder with restricting orifice. 
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Ui + Win = Ui (10) 

or Win = U 2 -U 1 (11) 

If the piston is moved rapidly, a pressure difference will develop between 
the cylinder and the clearance space, and the pressure in the cylinder may 
be represented by the upper path, 1 to 3. In this case, if no heat transfer 
occurs 


Wi, 


=/: 


P dV = Ez - El 


( 12 ) 


where Es indicates the condition of all of the medium at equilibrium in the 

clearance space after all kinetic energy 
effects caused by the compression proc¬ 
ess have been dissipated. The pressure 
in the clearance space for the various 
positions of the piston is indicated by 
the lower path, 1 to 3. The increase in 
the entropy for this process may be d('- 
termined from the initial and final con¬ 
ditions for the medium. It should b(‘ 
noted that the path for all the medium 
cannot be plotted on any diagram since 
the part in the cylinder proper and that 
in the clearance space are not at the 
same condition during the process. 
Thus, the two paths from 1 to 3 in¬ 
dicate only the pressure variation with the piston position. 



Fig. 70.—r-5 


diagram 

process. 


for irreversible 


Example. —A Diesel engine has a compression ratio of 15 to 1. This is the ratio of 
Vi to Fj (Fig. 69). The throat between the cylinder and the clearance volumes in¬ 
troduces a friction effect for rapid compression which increases the work of compression 
to 10 per cent above that of the adiabatic isentropic process. Assume that the air at 
point 1 is at 14.7 Ib/in.^ abs and at a temperature of 100 F. Determine the final tem¬ 
perature and pressure, and the entropy change of the air caused by the friction process. 

Both the adiabatic isentropic process (1 to 2, Fig. 70) and the adiabatic friction process 
(1 to 3) start from the same initial condition and end at the same final volume. Assum¬ 
ing that the values of jcydT/T in Table XXI, Appendix, apply to the Vi volume line, 

Si » 0.37, and Si- R In (F,/F,) = 1.98G In 15 = 5.38 Btu/(°R X mole) 
From Table XXI, at ^4 = 5.75 Ti = 1564‘^R = T 2 
Also from Table XIX, 

Ideal work — U 2 — Ui ^ 5515 — 196 « 5319 Btu/mole 
Actual work* 1.10 X 5319 = 5851 Btu/mole 
From Table XIX, T, = 1623'‘R 
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Also, Ps « PiViTz/TiVt = 14.7 X 15 X 1,623/560 = 639 Ib/in.* 

From Table XXI at 1623®R, « 5.96 Btu/(®R X mole) 

Also, « iSs - P In (Fi/F,) * 5.96 - 5.38 « 0.58 Btu/(®R X mole) 

Hence, 5, - = 0.58 - 0.37 = 0.21 Btu/(°R X mole) 

An unrestrained expansion process is one in which pressure differences 
occur that produce kinetic energy effects which are dissipated by the 
friction process. A cylinder (Fig. 71) containing a medium at a pressure 



Before 

expansion 


After 

expansion 


Fig. 71.—Unrestrained expansion process. 


above atmospheric is opened to the atmosphere. Part of the medium 
escapes and pushes back the atmosphere while the jiressure drops to 
atmospheric in the chamber. The Energy Equation for the process, 
assuming no heat transfer and that all the kinetic energy developed is 
dissipated by friction into internal energy of the medium, is 

MiC/i = Meyif/2 + (Ml - M.yi)([/2' + P 2 F 2 ') (13) 

= Meyif /2 + (Ml ~ Meyi)/y2' (14) 

where the subscripts represent the conditions indicated in Fig. 71. 

U 2 may be evaluated by assuming that the medium remaining in the 
cylinder undergoes a frictionless adiabatic expansion. This permits a 
solution for H 2 for the part that escapes from the cylinder. P 2 and 
indicate the entropy of the escaped part, and this in turn indicates the 
increase in entropy and the decrease in available energy resulting from the 
process. 
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Heat Transfer and Friction. —It has been shown that heat transfer into 
or out of a medium increases or decreases its entropy, respectively. The 
net entropy change for an isolated system consisting of a hot medium and 
a cold medium is always positive if the mediums involved are originally 
at different temperatures. 

Also, it has been shown that the friction process always increases the 
entropy of the medium involved. A constant-entropy process may result 
if heat is withdrawn from a medium undergoing an internal friction ])rocess 
which exactly offsets the decrease in entropy caused by the heat transfer 



Fig. 72.—Restrained expansion process with heat transfer out and friction. 

at each point along the path describing the process. Consequently, a 
constant-entropy process is not necessarily an adiabatic one. Also, when 
both heat transf(T and fri(;tion occur, the entropy change of all the 
mediums involved in the h('at transfer process must be considered. 

Example.—Steam flows through a turbine and 50 Btu of heat per pound of steam are 
transferred from the steam, through the turbine casing, and finally to the surrounding 
atmosphere. Also the steam undergoes a friction process in flowing through the 
nozzles and over the turbine blades. The net result of bolh the heat-transfer and the 
friction processes on the steam is an entropy increase of 0,1 Btu/(°R X lb). Determine 
the loss of available energy per pound of steam if the initial condition is 150 Ib/in.'-* abs 
and saturated, and the back pressure is 0.95 Ib/in.^ abs. 

The available energy for the ideal process (Fig. 72) is 

Hi - Ih = 1191.1 - 873.9 = 320.2 Btu 

This repreisents the sum of the work done on the turbine rotor and the increase in 
kinetic energy of the medium, since the Energy Equation for the i)rocess is 

Hi + KEi = Ha + KE2 + Wont (1) 

For the actual process, 

Wont + KEt ~ KEi = III - //a - Qont 


( 2 ) 
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Thus, the available energy obtained in the actual case is 

1194.1 - 929.9 - 50 == 214.2 Btu/lb 
The refrigerator temperature in this case is 560®R. Hence, 

Net A.S = (320.2 - 214.2)/560 = 0.1893 Btu/°R 

This should ecjunl the sum of the entropy changes of the atmosphere receiving the heat 
and the steam that rejected the heat. Thus, 

(50 -J- 560) + 0.1 = 0.1893 Btu/°R 

100 F being used as the atino.spheric temperature since the available energy of the 
steam in this problem is based on a refrigerator temperature of 100 F. 

Entropy Equation. —The use of entropy as the abscissa of a temperature- 
('iitropy diagram was developed to permit the evaluation of heat added or 
abstracted by the area beneath the path representing the process. It has 
been shown that the area beneath the path describing the process on the 
T-S diagram is 

/r dS = Qin - Oout (1) 

only when the process is frictionless. Also, it has been shown that entropy 
of a medium always increases when it undergoes only a fi-iction process. 
The area beneath the path representing the adiabatic friction process on 
the T-S diagram is equivalent to the total available energy, usually 


KE otW which undergoes transformation in the friction process. There¬ 
fore, in adiabatic friction processes, 

fT dS = (KE or BOf (2) 

In general then, 

IT dS = - Oout + (KE or wh (3) 

This is known as the Entropy Equation and is particularly useful for the 
analysis of pi*()cess(\s foi* which a path can be drawn on the T-S diagram.* 
In any cycle 

Qin - Qoiit = Wont — Win (4) 

Therefore, Wout - Win = fT dS - (KE or W)j. (5) 


If the path describing the cycle on a T-’S diagram is followed in a clock¬ 
wise' direction, mathematical conventions indicate that JTdS will bo 
])ositive, which is the case of the engine cycle. Equation (5) indicates 
that friction reduces the net work out of an engine cy(*le. If the cyclic 
path is followed in a counterclockwise din'ction, JTdS is negative and 
friction increases the net work done in a compressor cycle. 

* This implies that the medium is not undergoing any internal heat-transfer effects 
and is all at the same pressure at any point in the process. Obviously, Kq. (1) applied 
separately to the hot and cold parts of a medium may be used to evaluate the change 
in S for the internal heat-transfer process, but a path describing the process for the 
whole amount of the medium cannot be drawn. 
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The Carnot cycle (Fig. 73) has a work or available energy value equiv¬ 
alent to the area A BCD A, The introduction of a friction process BE 
increases the area encloscid by the cyclic path to ABEDA which is equiv¬ 
alent to JT dS taken around that cycle. The area representing friction 
effect is BEFGB. Thus JT dS - (KE or W)f is equal to area ABEDA - 
area BEFGB, or area ABC DA — area CEFGC. Thus, the available 
energy of the original Carnot cycle is decreased by the amount that th(» 
friction process increases the unavailable energy. This indicates that the 
path between B and E is of no particular consequence with regard to work 




Fia. 73.—EiiKirie cycle with fric¬ 
tion process. 


Fio. 74.—C_'ompressf)r cycle with 

friction processes. 


evaluation, the im})ortant factor being that the entropy was increased 
from S(j to Sp during the friction process. 

Reversing the Carnot cycle results in area ABCDA (Fig. 74), which 
indicates the net work in, area ABHJA indicates heat in, and the area 
CDJHC indicates heat out. Introducing a friction process for both the 
adiabatic compression and expansion processes results in cycle DEBFD, 
the area enclosed being the JT dS which will be negative in sign. The 
available energy {KE or 'W)y which undergoes transformation during the 
friction process is represented by the areas under DE and BF, which, ac¬ 
cording to Eq. (5), added to JT dS results in area JDFGHBEIJ, which 
represents the net work in for the reversed cycle with friction. 

In the foregoing, friction is shown to decrease the net work obtainable 
from an engine cycle and to increase the net work required in the reversed 
or compressor cycle. In both cases the paths indicating the friction proc¬ 
esses are of no particular consequence in evaluating the net work of the 
cycle if the end points of the friction processes arc known. In some cases 
the path for the friction process cannot be drawn since the medium may 
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not be in equilibrium during the friction process. Also, in a cycle the net 
work effect can be obtained always from the algebraic summation of the 
heat-transfer effects [see Eq. (4)J. 

Reversibility and Irreversibility. —k process is reversible if, when re¬ 
versed in direction, all parts of the process occur in the reversed order and 
all mediums involved arc returned to the original conditions existing 
before the process occurred. This indicates that the availability of 
energy before and after a reversible proe(\ss is the same. 

It has been shown that the heat-transfer 
process with finite temp(Tature difference 
results in a loss of availability. It is there¬ 
fore an irreversible process. Ilowev c r, if the 
hot body is at the same temperature as 
the cold body (AT approaching zero as the 
limit), there will be no Joss of availability 
and consequently the heat-transfer process 
api)roaches reversibility as the temperature 
difference Ix'twec'n the two bodies approaches 
zero. The heat-transfer processes of the 
Carnot cycle are assumed to be reversible, 
indicating that th(‘ source of heat supply Fig 7,5.—Reversible heat-transfer 
is at the same temperature as the medium with temperature change. 

receiving the heat; also, that the medium is at the refrigerator tem¬ 
perature when rejecting heat. Actually, all processes require finite 
temperature differences to obtain appreciable heat transfer in a reasonable 
time and are consequently irreversible. 

The adiabatic expansion or compression of a medium in an engine or 
compressor cylinder is reversible if no fluid friction effects are developed 
in the medium during expansion or compression. The adiabatic condition 
is approached in practice if the process occurs rapidly. However, this 
tends to introduce the kinetic energy effects that make the process irre¬ 
versible. Thus, in practice, there are no reversible processes either because 
of heat-transfer or friction effects, but reversibility is approached as a 
limiting condition. 

A jirocess that results in a change of temperature with heat transfer to 
or from a medium may approach reversibility if an infinite number of heat 
sources or refrigerators at various temperatures throughout the temperature 
range of the process are provided. Assume that a number of heat sources 
at temperatures Ti, 7^2, etc. (Fig. 75), arc available. A small amount of 
heat may be drawn from the source at Tx and added to the medium at Ti, 
indicated by the path 1 to a. At a the medium is compressed adiabatically 
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and reversibly to point 2. Then heat is transferred from the source at 
T 2 , etc., point 7 finally being attained by the scries of reversible processes. 
Obviously, as the number of sources approaches infinity, the broken path 
approaches the actual path and the process can be said to approach 
reversibility in the limit. 

The Carnot cycle is an ideal cych' consisting of four reversible processes 
which can be approached but never attained. Consequently, this cycle is 
considered the limiting case. Any cycle may be reversed or run in the 
opposite direction, but only the Carnot cycle is reversible, which indicates 
that the work obtained from the engine cycle for a given temperature dif¬ 
ference is that required to operate the cycle when reversed. 

If it be assumed that an engine is more efficient than the Carnot engine, 
it would be possible to have this engine drive a Carnot engine reversed 
and result in a net transfer of h(‘at from the refrigerator at low temperature 
to the source at high temperature. This transfer of heat from a low 
temperature to a high tem])erature by a s('lf-acting process is contrary to 
all experience and is consc^quently considered impossibk'. Thus, the con¬ 
clusion is reached that no ('iigine can be more efficient than a reversible' 
one. 

Second Law of Thermodynamics. —The principle of the Second Law of 
Thermodynamics is that of the degradation of energg from the available to 
the unavailable condition. The potential energy of a body of water abovt' 
sea level is theoretically all available energy. If the water is allowed to 
flow naturally to the sea, the available i)otential energy is dissipatc'd. 
Internal energy in-a medium at high temperature has a definite availa¬ 
bility if used immediately in a heat-engine process. However, if not used 
immediately, temp('rature difference between the medium and the sur¬ 
roundings causes heat transfer and tempc'rature drop of the medium that 
reduces the availability of the internal energy to zero whf'ii the nu'dium 
is cooled to atmospheric temperature. 

Both mechanical and fluid friction, which arc always present, reduce the 
availability of energy. 

Since all processes observed have shown this inhci*ent degradation of 
available to unavailable' enei*gy, and only hypothetical reversible processes 
have been conceived which do not change the availability, and no process 
has been observed or conc('ivcd that could increase the availability of 
energy in an isolated system, the principle of the degradation of energy 
has been universally accepted. 

Clausius was the first to state the Second Law. This he did in the form 

UQ/T)^ 0 

which is proved in the heat-transfer process, p. 126. He also stated, It is impossible 
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for a self-acting machine unaided by any external agency to convey heat from one body to 
another at higher temperature, 

Kelvin stated, It is impossible by means of inanimate material agency to derive mechan¬ 
ical effect from any portion of matter by cooling it below the temperature of surrounding 
objects, 

Planck* stated, It is impossible to construct an engine which will work in a complete 
cycle and produce no effect except the ratsing of a weight and the cooling of a heat reservoir. 

A rnacliine that will produce a work effect greater than the energy supplied is a perpetual- 
motion machine of the first class and violates the First Law of Thermodynamics. 

A machine that will operate without a source of energy, althougli producing no work 
effect, is a perpetual-motion machine of the second class and violates the Second Law ol 
Theniiodynainics (Ostwald). 

Thermodynamic- and Gas-temperatixre Scales. —An absolute-zero tem¬ 
perature and tliei*modynainic-tompera- 
ture scale bas(‘d upon the Carnot cycle ^ 
were first projjosc'd by Lord Kelvin. 

Absolute zero is the tcunperature which, ^ 4 
when used as the tejnperature of the ^ 
refrigerator for the Carnot cycle, results .0 3 
in an efficiency of 100 per cent for the § 
cycle. A temperature lower than abso- 
lute zero for the refrigerator temperature § ^ 
would indicate a Carnot-cycle efficiency J 
gi’eater than 100 per cent. Thus, more' ^ 0 
wovk would be obtained than heat input 

and this would violate the Principle of 76.-Thormodynamic. and gas- 

tnermomotor scalos. 

Conservation of I'jKU'gy. 

The thermodynamic scak^ may be established from a series of Carnot 
cycles located between any temperature and the thermodynamic zero, 
each cycle having tlicj same work area, and the refrigerator temperature 
of the first being the source temjx'rature for the s('cond cycle, etc. 

In Fig. 76, live such cycles have bc'cn inserted between a given tempera¬ 
ture, 5, and the absolute zero, for the purj^oses of illustration. Each 
cycle has a work area equivalent to one-fifth of the heat input to the first 
cycle. Therefore, an arbitrary scale of 5 and 4 can be used foi* the source 
and refrigerator teunperatures, respectively, for the first cycle, etc. Thus, 
a thermodynamic-temj^erature scale ranging from 0 to 5 by equal increments 
is established foi* this illustration. This scale is unique in that it is inde¬ 
pendent of the medium and of the upper temperature. 

The gas-thermometer scale is based upon the decrease in pressure of a 

* Planck, Max, ‘‘Treatise on Thermodynamics,^^ p. 89, 3d Ihig. ed., trans. from 
7th (ierinan ed. by A. Ogg, Dover Publications, 1945. 
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constant volume of a so-called perfect gas as the temperature is reduced. 
This indicates an absolute zero of 491.7 F below the freezing temperature 
for water under a pressure of 14.7 Ib/in.^ abs, at which temperature the 
pressure and internal energy of the gas as herein defined would be zero. 
Thus, it would be impossible to expand such a gas if used in a Carnot 
cycle to a lower pressure or temperature, for all of the internal energy of 
the gas would have been transformed into work when the absolute zero on 
the gas-thermometer scale was reached. This would leave no internal 
energy in the gas to be rejected to a refrigerator at absolute zero tempera¬ 
ture, indicating the maximum efficiency of 100 per cent. 

Since in each case the efficiency of a Carnot cycle is 100 per cent when 
each absolute-zero temperature is used for the refrigerator, it is obvious 
that the absolute zeros are identical and it merely requires correlation at 
some other temperature to fix the relation between the scales. Thus, if 
the refrigerator for the second Carnot cycle (Fig. 76) is at the freezing 
point of water, the gas-thermometer scale is related to the thermodynamic 
scale as shown. Since the two scales are directly proportional to each 
other, the thermodynamic scale can be made the same as the gas-thc»r- 
mometer scale. 

Availability of Chemical Energy. —^The source of energy for the heat- 
engine or internal-combustion engine process is the chemical energy lilx'r- 
ated by the combustion process. The liberation of chemical energy in 
this manner results in products of reaction at a high temperature. This 
is an irreversible process and consequently results in an increase in entropy 
and a loss of availability of the energy involved. 

Some chemical reactions, such as occurring in the battery process, 
result in the transformation of chemical energy directly into electrical 
energy without appreciable temperature rise of the constituents. Kxcei^t 
for the slight heating effect, this process is reversible and consequently 
the chemical energy liberated in this process has a very high availabilit}^, 
since electrical energy is almost 100 per cent available. 

The Energy Equation for the constant-temperature chemical-electrical 
process at constant pressure or for steady-flow conditions is 

react ‘4“ Hxaix ”t" Qin ~ Hp^od “h Oout ”1“ EEoxxt (1)* 

OT EEoxxt ~ 0react “f" -^fprod)r “h (Qin Qout) (2) 

Also, Qin Qout ^ T{Sprod ^mix)3r 

* Only one of the Q values will be required depending on the mediums undergoing 
reaction. 
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The availability of the chemical energy is the ratio of the electrical 
energy obtained to the heat of reaction. And, 

Qreact ~ ^roact {Hmix Hprod)T (3)* 

Example. —Assume that a method has been developed for obtaining electrical energy 
directly from the reaction 

CO 4- O. 5 O 2 - CO 2 

The CO and O. 5 O 2 are mixed before entering the reaction chamber and are at a total 
pressure of 14.7 ll^/in.^ abs and a temperature of 140 F. A const ant-temperature 
process is maintained and the CO 2 leaves the reaction chamber at H.7 Ib/in.^ abs pr. 
Determine the efhciency of the process. 

The chemical energy for this reaction is 121,181 Btu/mole of CO (Table XXIV). 

Hco + O. 5//02 = 396 -f 201 -h 1.5 X 1192 - 2385 Btu (Table XIX) 

Also, Hco, = 570 -f 1192 - 1762 Btu (Table XIX) 

Thus - I/prod = 2385 - 1762 = 623 Btu 

'riie entropy change for this reaction at 520“B is 20.71 Btu/°B (Table XXV). This 
is based on the entropy of all constituents being at a pressure of 1 atm. The entropy 
increase because of the irreversible mixing of 1 mole of CO and 0.5 mole of O 2 is 
- K In 1.5 -f 0.5 IE In 3 = 1.90 Btu/“R 
Also, from Table XXII, at 1 atm and 140 F 

AS ^ Sraix ~ /Sprod == 0.28 Btu/^R 

Thus, Qout = T(Src.ct at 620 + + AS) = 600(20.71 -M.90-1-0.28) = 13,734 Btu 

Then, EEorxi = 121,181 -f 623 ~ 13,734 = 108,070 

Substituting the proper values for the given reaction into Eq. (3) results in 


Then, 


Qroact 121,181 4- 623 = 121,804 


Eff 


108,070 

121,804 


- 0.89 


Entropy a Point Function. —Pressure, volume, and temperature indicate 
the state of a given amount of medium. Internal energy and enthalpy of 
a medium are ixiint functions and consequently de])end on the state of the 
medium and not on the processes tliat resulted in the state under con¬ 
sideration. However, work and heat transfer depend on the process and 
therefore are not point functions. 

Entropy change of a medium was originally defined as the heat trans¬ 
ferred (not a point function) divided by the absolute temperature (a coor- 
dinate) of the mc'dium undergoing the process. It has also been shown 
that entroiiy change is equal to the available energy (kinetic energy or 
work) which undergoes the friction process divided by the absolute tem¬ 
perature of the medium in which the process occurs. In order to use 
entropy as a coordinate for a diagram describing the properties of a 
medium, it is necessary to prove that entropy is a point function. 

Paths for reversible adiabatic expansion or compression processes can be 
drawn on a P-F diagram. These are lines of constant entropy (/Si and 

* See the chapter on The Combustion Process. 
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Si, Fig. 77) and may be assigned values by arbitrarily fixing the value for 
one line and determining the entropy of the others by intersecting all such 
lines with a constant-pressure line. The Energy Equation for the con¬ 
stant-pressure process from 2 to 1 (Fig. 77) is 

Ui -f- 2Q1 = f/i + 2 W 1 ( 1 ) 



Fio. 77.—Sketch of constant V and S lines on P-V diagram. 

The work value can be obtained from the area beneath the path on the 
P-V diagram, and valuers of U 2 and Ui from the coordinates P and F, oi’ 
from the valu(\s of the constant-t/ lines drawn through the various points. 
Thus 2 Q 1 ean })e evaluated, and 

S, - Si = (2) 

the summation b(*ing taken over all increments of Q betw('en states 2 and 1. 
Adding this entroj^y change to S 2 results in Si^ the entropy value assigiu'd 
to the reversible adiabatic through i^oint 1. 

The ])ath of each constant-entropy line is determined from the relation 
between internal energy and work for the reversible-adiabatic process. 
For the Si line, 

Ui = f/5 + 1TF5 = f/2 + iW. (8) 

Consequently, point 5 is determined by locating the Sj line so that 

Vi- Ui = ' (4) 

and other points in between are located in a similar manner. Thus the 
constant-S lines will intersect the constant-C/ lines. 

The constant-17 lines do not intersect each oth(>r since internal energy 
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is a point function and consequently two values of U cannot be assigned 
to a given point. Thus, it must be proved that the constant-AS lines do 
not intersect. Hence, assume that the Si line passes through points 1 and 

4 intersecting S 2 at point 4. For the constant-pressure process from 2 to 1 
it has been shown that heat is added and consequently Si is greater than Sz. 
Applying the Energy Equation to the path b(»tween point 4 on the S 2 line 
and point 4 on the assumed Si line r(\sults in 

(U,)S2 + 4Q4 = (U,)si + 4W4 ( 5 ) 

Obviously, iW 4 is zero, and 4Q4 is zero since there can be only one value for 
U at point 4. Thus, since no heat is abstracted, there can be no change in 

5 for a reversible process, i)roving that the S lines do not intersect. 

Assume that at point 4 the entropy is increased from S 2 to Si because 

of the dissipation of kinetic energy by friction. The Energy Equation for 
the process is 

+ KE = {U4)s, (6) 

Obviously, U 4 on the assum(‘d Si line cannot be greater than 1/4 at S2 
since U is a point function. Hence, there can be no kinetic energy dissi¬ 
pated by a friction process in this case, and the mc'dium at point 4 can have 
only on(' entropy value. Sinc(' it has be(‘n shov n that the constant-entropy 
liiK's do not inters(*ct on the diagram, the conclusion may be drawn 
that each point has a unique (‘ntropy value, and therefore entropy is a 
point function. 

EXERCISES 

1 . Assume that 1 11) of air at atmospheric conditions of 14.7 Ih/in.^ and ()0 F is in a 
piston-cylinder mechanism (see t'ig. 60). Heat is added at constant volume until the 
temperature of the joedium is 1500"R. 

a. Determine tlie various volumes and the gross and net work obtained if the 
medium expands reversibly nnd adiabatically (1) to atmospheric pressure (2) to 
atmospheric temperature. 

b. Determine the net work of the cycle 12341, Fig. 60. 

c. Determine the efficiency of the cycle and com|)are with the Carnot efficiency for 
the same temperature limits. 

Ans, n(l). 27.2 Btu; a(2). —360 Btu; 6. 78.6 Btu; r. 0.44 and 0.65. 

2. One pountl of H 2 O is heated at a constant pressure of 20 Ib/in.^ from 60 to 500 F. 

Determine the incr(*ase of available and unavailable energy. Refrigerator temperature 
is 60 F. -Ins. Qa = 303.6 Btu; Qr = 954.9 Btu. 

3. One mole of N 2 is cooled at constant volume from a temperature of 1540 to 140 F. 

Determine the decrease of available and unavailable energy. Refrigerator temperature 
is 60 F. Ans. Qa = 4264 Btu; Qr « 3330 Btu. 

4. Check the heat-transfer example on page 127, using data from the saturated 
table for H^O. 

5. Ten pounds of H 2 O at a pressure of 50 Ib/in.* abs and a temperature of 500 F, 
are cooled at constant pressure to 100 F while transferring heat to a quantity of H 2 O 
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at a constant pressure of 14.7 Ib/in.* abs. The temperature of the colder medium 
increases from 0 to 100 F during the process. Determine the net change of available 
energy and entropy for the process. Refrigerator temperature is 0 F. 

Ans. Net Qa = -3447 Btu; Net A.S’ = 6.63 Btu/"R. 

6 . A steam boiler contains 10,000 lb of saturated liquid H 2 O and 100 lb of saturated 

H 2 O vapor at a pressure of 200 Ib/in.^ abs. The boiler is standing in the atmosphere, 
the fire is dumped, and eventually heat transfer to the atmosphere cools the H 2 O to 
60 F, the temperature of the atmosphere. Determine the net change of entropy for 
the process. Am. Net AS = 1461 Btu/'^R. 

7. A paddle wheel immersed in 1 lb of H 2 O at 60 F absorbs 100 Btu of work while 
stirring the H 2 O. Assuming that the process is adiabatic, determine the net change 
in available and unavailable energy, and in entropy. The H 2 O is initially at 60 F and 
is stirred at a constant pressure of 14.7 Ib/in.^ abs. 

8. Solve Exercise 7 using li^CO instead of 100 Btu of work. 

9. Saturated H 2 O vapor at 150 Ib/in.^ abs expands adiabatically to a pressure of 
14.7 lb/in.2 abs in an engine cylinder. A restriction in the cylinder decreases the work 
of the steam on the piston to 90 per cent of the amount obtainable in the ideal process. 
Determine the entropy increase of the steam and the increase in unjivailable em^rgy, 
after equilibrium has been attained in the cylinder, l^efrigerator temperature is 60 F. 

10. H 2 O at a pressure of 200 Ib/in.^ abs and a quality of 0.90 enters a nozzle with a 

negligible velocity. The discharge pressure of the nozzle is 14.7 Ib/in.® abs. Fluid 
friction during flow thiough the nozzle results in an increase of entropy of 0.05 Btu/(lb 
X °R). Determine the loss of kinetic and available energy. Refrigerator temperature 
is 60 F. Ans. 33.5 Btu; 26 Btu. 

11. Solve Exercise 10 assuming the initial pressure is 50 Ib/in.* abs and the initial 

temperature is 400 F. Ans. 34.5 Btu; 26 Btu. 

12 . Estimate the total amount of kinetic energy which undergoes transformation 
during the friction process if the process is adiabatic and the path is one of constant 
enthalpy. The initial conditions are the same as in Exercise 10. Also what per¬ 
centage of the ideal kinetic energy is this total kinetic energy? Am. 112 per cent. 

13. Determine the ideal stagnation or ram pressure and temperature attainable in 
an air-intake system on a plane tra^eling at various speeds from 100 to 1,000 mph at 
various altitudes. See Table III, Appendix, for standard air conditions at various 
altitudes. 

14. Air enters a supercharger at an atmospheric pressure of 14.7 Ib/in.® abs and a 
temperature of 60 F. The adiabatic efficiency is 0.75. 

а. Determine the power required to compress 1 lb of air per sec to 2, 3, and 4 atm. 

б. Determine the increase of unavailable energy, assuming that the refrigerator 
temperature is 60 F. 

c. Determine the available energy undergoing the friction process, assuming that 
the path is a straight line on the diagram (see Fig. 67). 

d. Compare the result for c with the additional work required because of friction. 

15. Saturated H 2 O vapor at a pressure of 150 lb/in.* abs enters a turbine and expands 
isentropically to a pressure of 0.95 Ib/in.* abs. During the process 50 Btu of heat 
per lb of medium are transferred out of the steam. Determine the loss of available 
energy. Is this equal to the net increase in unavailable energy? Atmospheric tem¬ 
perature is 100 F. 

16. How much kinetic energy undergoes transformation during the friction process 
in Exercise 15? Give proof. 
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Qout 

PTout 


Hd - He ^ 842.7 - 69.1 « 772.6 Btu 
Oin - Oput « 1677.2 ~ 772.6 « 904.6 Btu 
Wont 904.6 
“ 1677.2 


Cycle elf 


0.539 


Checking the work values from the steady-flow analysis of the work processes, 

Hg turbine work = M(Hc' - Hd') = 12.47(149.7 - 106.1) = 543.7 Btu 
HaO turbine work = (He - Hd) = 1202.8 - 842.7 « 360.1 Btu 
Gross work = 903 8 Btu 

This checks the first solution for work out in which the pump work also was neglected. 



Fig. 91.—Flow diagram for gas refrigeration or heating cycle. 


Gas Refrigeration or Heating Cycle.—The medium in this cycle remains 
in the gaseous stale in all the processes. The medium at cold-body tem¬ 
perature in the ideal case (^4, Figs. 91 and 92) is compressed adiabatically 
and reversibly to some temperature, B, above that of the hot body. Heat 
is rejected as the medium cools at constant pressure from B to C, decreasing 
in temperature to that of the hot body in the ideal case. The medium 
at C is expanded adiabatically and reversibly to D, which is at the same 
pressure as A . The medium then absorbs heat at constant pressure from 
D to A from the cold body, rising in temperature to that of the cold body 
in the ideal case. 

The medium from D to A is a refrigerant, while from J5 to C it is a 
source for heat. Work is required from A to J8 and work is obtained from 
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C to D. On the P-V diagram (Fig. 92) the work required by the com¬ 
pressor is equivalent to the area ABFE, while the work obtained from the 
expander is represented by the area CDEF. 

In any cycle, 

Fin - Font = Qout - Oin (D 

Since the heating and cooling processes occur at constant pressure, 

Fin - Font = {Hb - He) - {.Ha - Hd) (2) 

= {Hb - Ha) - {He - Ho) (3) 


in which case the first term represents the compressor work and the 
second term the expander or engine work. 



Fig. 92.— T-S and P~V diagrams of ideal gas-refrigeration and heating cycle. 


Example. —Air is used in a gas refrigerating and heating cycle which operates between 
1 and 10 atm pr. The cold body is at 0 F, while the hot body is at 70 F. Determine 
the heat removed from the cold body, the heat rejected to the hot body, the net work 
required, and the coefficient of performance, both as a refrigerating and as a heating cycle. 

From Table XXII, Appendix, at 0 F the ^CpdT/7' per mole of air is — 0.cS4. A1 
the end of adiabatic reversible compression the temperature, Tbj will be indicated by 
a value of ^CpdT/T of —0.84 + 1.086 In 10, or 3.73. Interpolating for this value in 
Table XXII indicates a value of 883°If for Tb- 

Also, Td = TcTaITb = 530 X 460/8S3 = 276°R* 

From Table XIX, (?out = IIb - He = (1828 + 1753) - (48 + 1052) 

= 2481 Btu/mole of air 

Also, Qin = Ha Hd = Cp{Ta ~ Td) 

=* 6.84 (4C0 - 276) = 1259 Btu/mole 

* This is an approximation since the relation used is correct only for a medium having 
constant specific heats. 
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Then, Net work = Qout - Qm *= 2481 - 1259 = 1222 Btu/mole 


0,n 1259 

Refrigerating coefficient of performance net wor k 12^ ** 

Heating coefficient of performance — = 2.03 

The coefficients for the reversed Carnot cycle for the same hot- and cold-body 
temperatures would be as follows: 

Refrigerating coefficient of performance = s 6.57 


Heating coefficient of performance 



530 

70 


= 7.57 



Fig. 93.—Flow diagram for vai)or-comprossion refrigeration or heating cycle. 

The gas-cycle performance coefficients are much lower than those of the Carnot 
cycle. However, the use of a lower pressure ratio will increase the performance 
coefficients of the gas cycle but will reduce the heat-transfer values per mole of air 
circulated. 

Vapor Refrigeration or Heating Cycle. —In the ideal vapor cycle, either 
slightly wet, saturated, or slightly superheated vapor (A, Figs. 93 and 94) 
is compressed adiabatically and reversibly to a superheated condition (B), 
The vapor is then cooled at constant pressure (BC) until liquefied. An 
expansion in a piston-cylinder mechanism is not required to lower the 
temperature of the medium since any process that reduces the pressure of 
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a saturated liquid will reduce its temperature. Usually, the liquid at C 
flows through a restriction or throttling valve so that its pressure drops to 
the suction pressure of the compressor, but its temperature is still at C. 
This is an unstable condition, which cannot be represented by a point on 
the diagram. The internal energy of the liquid immediately after being 
throttled is greater than that of the saturated liquid at the lower pressure. 
Hence, the excess of energy causes violent boiling, which ceases as the 
equilibrium condition at D is attained. 

The throttling or wiredrawing process is one of steady flow for which 

He = Hn ( 1 ) 


since it is assumed to be adiabatic and the KE values are usually negligible. 

Thus, although a path cannot be drawn 
for the throttling process, the beginning 
and end points are on the same con- 
stant-^iT line. As a limiting case, the 
throttling process might consist of an 
infinite number of infinitesimal pressure 
drops with sufficient time at each pres¬ 
sure to permit the establishment of 
equilibrium throughout the process. 
Then, the path would follow the con- 
stant-jy line passing through the initial 
point. 

The lowest temperature of the cold 
body from which heat can be obtained 
is the saturation temperature corresponding to the suction pressure, 
while the highest temperature of the hot body to which heat can be 
rejected is the saturation temperature corresponding to the discharge 
pressure. In actual practice the cold body will be higher and the hot 
body lower in temperature than these limiting conditions. Thus, the 
condition at A is usually slightly superheated and at C is usually slightly 
subcooled. The heat absorbed during the cycle is 



Entropy 

Fio. 94.— T-S diagram of vapor-compres- 
sion refrigeration or heating cycle. 


Qin == {Ha ~ Hd) (2) 

since the process is one of constant pressure. 

Also. Qout = {Hb - He) (3) 

The net work of the cycle is 

Win Wont ~ Qout Qin = {HB — He) — {Ha — Hz}) 
and since He = Hd 


( 4 ) 
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Win — Woyxt = (Hb — Ha) (6) 

which is the same as the work of the compressor for a steady-flow analysis. 

The use of an ideal expander at C would result in an is(‘ntropic expansion 
to E, The substitution of an expansion valve increases the work of the 
cycle by eliminating that of the expander. Also the refrigerating effect 
(the heat absorbed from the cold body) is reduced by an amount equivalent 
to the area under ED, 


Example.—A vapor refrigeration cycle using ammonia as a medium operates between 
a cold body at 20 F and a hot body at 100 F. Determine the coefficient of performance 
as a refrigerating machine and the ideal horsepower to produce a ton of refrigeration 
per day. 

Assuming the medium at A (Fig. 04) to be saturated, 

11A — 017.S Htu/ll) (Table IX, Appendix) 
also Sa = 1.2000 Btii/(lb X °ll) 

From C^hart 11, Appendix, at 5 = 1.2000 and P == 211.0 Ih/in.* corresponding to 
the saturation temperature of 100 F 

IIH = 710.S Btu/lb 

Then 

- Hb - Ha ^ 710.8 - 017.8 = 03.0 Btu/lb of NH, 


The refrigerating effect is 

= Ha - Hd - 017.8 - 155.2 * 402.0 Btu 
The refrigerating coefTicient of performance 


Wsn 


I'®:?} = 4 c,7 

03.0 


It requires the removal of 143.35 Btu/lb to freeze water at 32 F to ice at 32 F (see 
Table VI, Appendix). This is 1 lb of refrigeration. Thus, a ton of refrigeration per 
day is 

2000 X 143.35 i • • 

—- = 109 Btu removed per min* 

24 X ()0 


The refrigerating coeflicient of performance indicates 4.07 Btu removed per Btu 
of work input. Thus 

200/(4.07 X 42.4) = 0.05 hp/ton of refrigeration per day. 

Actually the horsepower required would be larger because of compressor frictifin and 
deviation from the ideal cycle. 

“Dry-ice” Process and Cycle.—Dry ice or solid carbon dioxide is pro¬ 
duced by expanding liquid CO2 to a pressure in the solid-vapor region. 
Part of the liquid solidifies and the other part vaporizes during the process. 
The vapor is withdrawn from the solidification chamber, mixed with a 
fresh supply of CO2 gas, compressed, cooled, and condensed to liquid, 
after which the expansion process is again repeated. 

* Usually 200 Btu/min is considered equivalent to 1 ton of refrigeration per day. 
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Inspection of the data of saturated CO 2 (Table XV and Chart C, 
Appendix) indicates that a pressure of about 70 atm is required to condense 
CO 2 with the average cooling-water temperature. Also, it will be noted 
that the pressure must be reduced to below 5 atm to produce solid CO 2 
(Table XIV, Appendix). 

The work of compression is reduced appreciably by multistage com¬ 
pression (see page 173) since the compr(\ssion ratio is fairly high, being 
70 to 1 for a suction pressure of 1 atm. However, this reduction in work 



Fig. 95. — T-S diaKrani of ;i (liroo-stagc “dry-iro” compression cycle with intercooling. 

is accomplished only if intercooling is used. Thus CO 2 vapor is com¬ 
pressed from A to B (Fig. 95) and then intercooled from B to (\ This 
may be accomplished by transferring heat out of the com])r('ss('d vapor 
by ^^bubbling” or flowing it (Fig. 96) through the liquid CO 2 which has 
been cooled to the temperaturt' at M by a throttling process starting at 
J and ending at K, This results in the evaporation of some of the liquid 
and is indicated by the change in quality of the throttled mixture from 
K to L. The vapor formc'd by the throttling process and tliat form('d by 
the int('rcooling process are added to the cooled vapor and all flow to the 
second-stage compressor. 

After the s('cond-stage compression, intercooling, etc., occur from D to 
E (Fig. 96) in a manner exactly the same as described for the first stage. 
After the third-stage compression, the available cooling-water supply 
(the hot body) is used to cool and condense the superheated vapor from 
Fto G. 
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The three wiredrawing or throttling processes GHy JK, and MN cannot 
be represented by a path except in the ideal case for an infinitely slow 
process in which case equilibrium between pressure, temperature, and 
quality would be established as the pressure is slowly decreased. 

Assuming that 1 lb of CO 2 is compressed in the first stage, the amount 
evaporated during the throttling proe(\ss JK and that evaporated to cool 
1 lb from B to T, making Mi lb and indicated by th(' line ML, is added 
to the 1 lb from the first stage. Thus the second stage compresses (1 + 
Ml) lb and has added to it M 2 lb evaporated in the throttling process GH 



and the evaporation ])rocess 111. Finally the third <^tage compresses 
(1 + Ml + Mo) 11) of medium. This medium is then cook'd and condensed 
to G and then is throttled to H. 

Make-up medium is supplied at atmospheric pressure and temperature P. 
Some of the solid formed by the throttling process MN is evaporated and 
cools the make-up medium to the saturated condition A. This increases 
the quantity of vapor withdrawn from the solidifying chamber, the increase 
being indicated by the process NO. The net amount of solid formed is 
indicated by the length of the line OA, the length of the line OQ indicating 
the total vapor withdrawn. If M 3 is the total vapor withdrawn from the 
solidifying chamber, (1 — M 3 ) is the amount of solid formed. 

Then, the Energy Equation for the snow room (Fig. 96), assuming that 
the imaginary envelope around the room cuts the flow lines at M, P, 
Q and A, is 


Hm + {I - Mz)Hp = (1 - Ms)IIq + Ha 


( 1 ) 
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Also, the Energy Equation for the first-stage intercooler or throttling tank is 
(1 + M^Hj + Hb = IIm + (1 + M{)Hc ( 2 ) 

and the Energy Equation for the second-stage intercooler is 
(1 + ilfi + M^)Hg + (1 + M,)Hd = (1 + M,)Hj + (1 + Ml + M2)He (3) 

Equation ( 1 ) may be solved for M 3 , and solutions follow for M| and 
M 2 from Eqs. (2) and (3), respectively. 

The total work required is the sum of the work values for each stage. 
These may be determined from a steady-flow analysis for each com¬ 
pressor process. 

The dry-ice process, as described (Fig. 96), is not a cycle sine(' gaseous 
CO 2 is flowing into the process and dry ice of the same amount is removed. 
If the supply of gaseous CO 2 is eliminat(‘d and sufficient heat is added to 
the solid CO 2 formed, in order to evaporate it to saturated vapor at 
condition A, all of the medium leaving the snow room will flow to the 
first-stage compressor and a cycle results. In this case the difi*('r(*ne(' 
between the heat rejected to condense the CO 2 from F to G and th(‘ heat 
added to the dry ice* to evaporate it must (*qual the total work requinxJ 
for the compressors. This provides a check on the steady-flow work 
requirements for the compressors. 

Example. —Determine the work per pound of dry icc produced by the thre(‘-stage 
compression process for the pressures and conditions indicated in Fig. 96. Ti> = 1>S F. 

From Chart C or Tables XIV, XV, and XVI, Appendix, Hm = —10.6, Up = 169.0, 
Hq =* —113.0, and II a — 133.3 Btu/lb. Substituting those values into Eq. (1) 
results in 

A/j *= 0.49 11) of vapor and 1 — A/3 = 0.51 lb of solid 
Also, from the same sources, 

Hj = 18.0, Hb = 167.0, and lie = 136.1 Btu/lb 

Substituting these and the value for IIm into Eq. (2) results in a'value of 0.50 lb of 
vapor ioT Ml. 

Also, Uq = 79.0, Hd — 158.5, and He = 138.9 Btu/lb. Substituting these and the 
values for Hj and Mi into Eq. (3) results in a value of 2.02 lb f)f vapor for M%. 

Thus for every pound of CO? condensed at 70 atm, 

0.51 ^ (1 + 0.50 -h 2.02) = 0.145 lb of solid CO2 (dry ice) 

will be formed with this process. 

The work of the first stage is 

IIB - Ha * 167.0 - 133.3 = 33.7 Btu 

For the second stage, 

(1 4- Mi){Hd - He) = 1.50(158.5 - 136.1) = 33.6 Btu 

* In this case the dry ice formed is indicated by the line A/’A, since the cooling of 
the make-up COj has been eliminated. 
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For the third stage, 

a + M, -f M 2 )(Hf - He) « 3.52(161.7 - 138.9) « 80.3 Btu 

Thus 147.6 Btu of work arc required to produce 0.51 lb of dry ice. This is equivalent 

to 289.4 Btu of work per pound of dry ice formed. 

Making the dry-ice process into a cycle 

<?m * {Ha - Hn) * 133.3 + 10.6 - 143.9 Btu 
since the process from N to 0 (Fig. 95) would be eliminated. 

Mso, Clout = (1 4- il/i + M 2 ){Hf - Ha) == 3.52(101.7 - 79.0) = 291.1 Btu 

Total W,r^ = Qout - Qm = 291.1 - 143.9 == 147.2 Btu 

This checks the work values obtained from the steady-flow analysis of the com¬ 
pressor processes. 




Fi(». U7.— T-S and duij 2 ;rams of compression and cooling processes for two-stage 

compression 

Multistage Compression and Intercooling. —The work of compression 
may be reduced appreciably by the use of several stages of compression 
with intercooling of the medium between each stage. In two-stage com¬ 
pression the medium is compre.ssed adiabatically and reversibly, in the 
ideal case, from the initial or suction pressure to receiver pressure in the 
first stage {AB, Fig. 97). The medium is then discharged into a receiver 
in which it is cooled {BC) at constant pressure to some temperature at 
or near the initial temperature, it being described as perfect intercooling 
if cooled to the initial temperature. The medium is then compressed 
(CD) in the second stage from the receiver pressure to the discharge 
pressure after wdiich it is discharged from the cylinder and cooled either 
in an aftercooler or b}" heat transfer from the tank or pipe line through 
which the medium flow’s. • 

The reduction in work because of two-stage compression and perfect 
intercooling is shown by the crosshatched areas in Fig. 97. These areas, 
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indicating reduction in work required, approach zero as the receiver 
pressure approaches either the suction or the discharge pressure. Obvi¬ 
ously, there must be some optimum receiver pressure, with perfect inter¬ 
cooling, for which the work required is a minimum. 

The work of the first stage may be evaluated from the work area ABGH 
(Fig. 97) or by considepng the compressor a steady-flow apparatus. Thus, 
Wi = Hb — Ha, which for a gas with constant specific heats, becomes 


/rp \ r fc —1 

= cATb - T^) = - l) = const - 1 


Likewise for the second stage, 

Wi = const I ( :_± 1 _ 

and since the constants are the same for both ('(piations, 
Wioiai = const 


te)" - '] 




( 1 ) 

( 2 ) 


(3) 


The optimum receiver ])ressure can be determined by differentiating 
this expression and equating the result to zero. This results in 


But 


and 


Pr = (Pi X P2)’^ 

?f = (9f = ('■ f 


A-1 A-1 



(4) 

(5) 

( 6 ) 


Hence Tb = Td, and for optimum receiver prc'ssure and perfect inter- 
cooling the temperature rise in each stage should be the same. Also, the 
pressure ratios and work for both stages arc the same. 


Example.—Determine the optimum receiver pressure and stage-temperature ratio for 
a two-stage compression from 1 to 10 atm, with perfect intercooling. 

Pr = (Pi X Pj)^ - (1 X 10)^ = 3.16 atm 


04 

For each stage, ^ /lOy-8 ^ ^ 

* euLtion \ 1 / 

Example.—Determine the optimum receiver pressures for a three-stage compressor, 
suction and discharge pressures being 1 and 70 atm, respectively. 
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For a two-stage compressor, 

Optimum receiver pr *= (suction pr X discharge pr)^ 

The first two stages of a three-stage coir pressor have the second receiver pressure 
(P") for the discharge pressure, P' for the receiver pressure, and Pi for the suction 
pressure. Then 

Optimum first receiver pr =* P' = (Pi X P")^ 

Optimuni second receiver pr = P" = (P' X Pi)^ 

from which 

P' * (Pi*Pa)^ = (1* X 70)^ = 4.14 atm 
and P" = (PiPa*)^ = (1 X 70*)^ « 17.0 atm 

The foregoing relationships assume that the temperature of the medium 
being inducted into the compressor is that of the surrounding atmosphere 
which may be used for intercooling. Actually, cooling water usually 
somewhat lower in temperature is available and used. However, in the 
case of the gas refrigeration and heating cycle (Fig. 94), the compressor 
inducts the medium at atmospheric or lower temperatures, and it is 
not desirable to use the cold body for intercooling if refrigeration is to be 
obtained, or to intercool below the hot-body temperature if heating is the 
object of the cycle. Consequently, in applying the optimum receiver- 
pressure relations to the multistaging of the compression process for this 
cycle, the hot-body temperature should be considered as the initial tem¬ 
perature for the compiession process, and the pressure of the medium at 
this temperature as the initial pressure for the compression process. 

An infinite number of stages with perfect intercooling would result in 
the rejection of heat at the hot-body temperature with the minimum work 
of comjiression. 

Multistage Expansion and Reheating. —Multistage-expansion engines are 
knowm as compound engines having high- and low-pressure stages, or as 
triple-expansion engines having high-, intermediate-, and low-pressure 
stages, etc. The advantage of multistage exjiansion with reheating has 
been shown in the case of the reheating cycle, page 161. It could be used 
to advantage in the case of the gas refrigeration and heating cycle (Fig. 92), 
by reheating to the cold-body temperature after each expansion process. 
An infinite number of expansion and reheating stages for this case would 
rc'sult in heat absorption from the cold body at its temperature and make 
the expansion work a maximum. Thus, as the number of stages of both 
compression and expansion is increased, with intercooling and reheating, 
respectively, the reversed Carnot cycle is approached as a limit. In 
practice, friction effects and multiplicity of apparatus make the use of 
many stages uneconomical. 

Capacity of Reciprocating Engines. —^The capacity of a reciprocating 
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engine is the quantity of medium that flows through the machine per 
stroke, revolution, cycle, or unit of time. All reciprocating engines have 
a clearance space between the piston and the cylinder head when the piston 
is at the end of the exhaust stroke, and the medium always fills this space. 
If the exhaust valve on an engine closes with the piston in this position 
(dead center) (G, Fig. 98), the amount of medium in the clearance space at 

exhaust conditions would be trappc'd 
in the cylinder. At cutoff (point 
A), there is also a definite amount 
of medium in the cylinder. The 
amount admitted must be equal to 
the difference in the amount in the 
cylinder at cutoff and that which was 
trapped in the cylinder at exhaust- 
valve closure. Usually the exhaust 
valve closes at D (Fig. 98), trapping 
in the cylinder a larger volume of 
medium, at exhaust conditions, than that of the clearance volume. 


F 

A ' 


1 

1 

1 



1 

1 

6 D 

Jc 

\ci. - Disploicemeni - 

-4 

1 


Volume 

Fig. 98. —Engine indicator card. 


Example.—A single-acting steam engine has a piston area of 1 ft* and a stroke of 1 ft. 
The exhaust valve closes at 80 per cent of the exhaust stroke, while cutoff occurs at 
30 per cent of the expansion stroke. Kxhaust-steain conditions are 15 Ib/iu.* abs pr 
and saturated. The condition at cutoff is 1.50 Ib/in.* abs and 90 per cent quality. 
The clearance volume is 5 per cent of the displacement. Determine the capacity or 
steam consumption of thi* engine jjer revolution. 

From Table VII at 150 Ib/in.* pr, Vg == 3.015 and 1/ = 0.018 ft®. Also at 15 Ib/in.®, 
Vg * 26.29. 

The displacement of the engine is 1 ft®. Hence volume A (Fig. 98) is equal to 
0.30 X 1 + 0.05 X 1 = 0.35 ft®. 

The volume at /> is (1 — 0.80) X 1 H- 0.05 X 1 = 0.25 ft®. 

The weight of the steam at A is 0.35 ft® [3.015 — (1 — 0.90)2.997] ft®/lb = 0.1292 lb. 

The weight of the steam at D is 0.25 ft® 20.29 ft®/lb = 0.0095 lb. 

The amount of medium admitted per revolution is 0.1291 — 0.0095 = 0.1196 lb 

Volumetric Efficiency of Compressors. —^The medium is compressed from 
A to B (Fig. 99), discharged from the cylinder from B to (\ leaving th(' 
clearance volume filled with the medium at the discharge conditions. 
The medium trapped in the clearance volume is expanded to D when the 
piston reverses its motion, and more medium is admitted .or flows into the 
cylinder from Dio A. The amount admitted is the weight of the quantity 
(Vji — Vd) of the medium at suction conditions, as well as the weight of 
the quantity (Fb — Fc) at discharge conditions. 

The path of the expansion process CD is assumed to be represented by 
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the equation PF" = constant in which n is usually assumed to be the 
same as for the compression curve. Then 


r. - rc(g)" (1) 

The volumetric efficiency is the ratio of the volume of the medium 
inducted per stroke, at the conditions in the n'servoir or the atmosphere 
from which the compr(‘ssor is abstracting medium, to the displacement of 
the compressor per stroke. The reservoir or ideal suction pressure is 


rDischarge pressure 
|C i B 


"T 

' lolea! discharge 
pressure 



Ideal sucHon 
'pressure 


Volume 

Fig. 99.—Compressor indicator card. 


slightly above the cylindc'r .suction pro.s.sure in order for flow to occur into 
the cylinder. Also, the tomi)(‘rature of the m-’dium may change because 
of heat transfer to or from the cylinder walls during the flow of medium 
into the cylinder. First, neglecting these effects, 


Volumetric off = 

displacement disp 


( 2 ) 


or if the clearance is expressed as a ratio c, in terms of the displacement. 


. Vol eff = 1 + c - (3) 

The effect of change in pressure and temperature of the medium during 
induction can be inti'oduced by the Equation of State or by the properties 
of the medium. If in the gaseous state. 


F 

F 


reservoir 

inducted 


P Cy\T 
P res2^oyl 


whore reservoir indicates the condition of the medium before induction 
into the cylinder. 
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Thus, 

Vol cjr - [i + c - C4) 

This relationship may be used to estimate the volumetric efficiency of a 
compressor when test data regarding actual quantity of medium inducted 
are not available. 


Example.—An air compressor has a piston area of 1 and a stroke of 1 ft. The 
clearance volume is 3 per cent of the displacement. The compressor inducts air at 
atmospheric pressure of 14.7 Ib/in.^ into the cylinder and discharges it into a receiver 
where the pressure is 147 Ib/in.^ abs. Determine the ideal volumetric efliciency and 
also the effect of 1 lb/in.‘ differential at both suction and discharge conditions, n = 1.33. 

1 _i_ 

Ideal vol eff = 1 + /• - Y = 1 + 0 03 - O.Osf = 0.86 

■uttlou/ \ t / 

With 1 Ib/in.* differential at both suction and discharge conditions, 

Vol eff = j^l + 0.03 - 0 03(j|^y-**J||!! = 0.79 

Example.—Under actual t(‘sl it was found that 1,000 ft-^ of air, measured at 14.5 Ib/in.^ 
abs and 100 F, were inducted into the coinpiressor in the foregoing example while 1,234 
cycles occurred. The atmospheric conditions were 14.7 Ib/in.® pr and 100 F. Deter¬ 
mine the actual volumetric efficiency. 

The volume inducted under atmospheric conditions would be 


Uatm cond — 1,000 X 


14.5 w 300 4- 460 
14.7 ^ 100 4- 460 


= 087 ft* 


Vol eff = 


volume inducted 
displacement 


987 

1,234 


0.80 


EXERCISES 

1 . A Carnot cycle operates between a source temperature of 1500®R and a refrig¬ 
erator temperature of SOO^R. The pressures at the beginning and end of the isothermal 
compression are atmospheric and 5 atm, respectively. Plot the cycle on both loga¬ 
rithmic and rectangular P-V and T~S coordinates for 1 lb of air. 

2 . Determine the net work out and heat into the Carnot cycle in Exercise 1. Also, 

check the thermal efficiency based on temperatures with that based on the work and 
heat values. Ans. Network = 110.4 Btu. 

3. A reversed Carnot cycle is used to heat a house in which a temperature of 70 F 
is to be maintained. The cold body from which the heat is received is the atmosphere 
which ranges from 0 to 60 F. Determine and plot the heating coefficient of performance 
against air temperature assuming a 10 F temperature difference for each heat-transfer 
process. Solve for 10 F intervals of temperature. 

4. A Rankine cycle, using H2O as a medium, has a back pressure of 15 Ib/in.* abs. 
Saturated vapor is supplied to the engine. Determine and plot the effect of varying 
the initial pressure from 200 to 3,000 Ib/in.* abs on the thermal efficiency of the cycle. 

Ans. 0.301 at 1500 Ib/in.* 
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5. A Rankine cycle, using H2O as a medium, has initial conditions of 200 Ib/in.* 
abs and saturated vapor. Determine and plot the effect on thermal efficiency of de¬ 
creasing the back pressure from 15 Ib/in.* to 1 in. Hg abs. 

6 . A Rankine cycle, using H2O as the medium, has initial conditions of 200 Ib/in.* 
abs and saturated vapor, and a back pressure of 2 in. Hg abs. 

a. Determine the ideal thermal efficiency. 

b. Assume that friction during the expansion process reduces the II drop in the 
turbine to 0.80 of the ideal. Determine the net work and thermal efficiency. 

c. Assume that 100 Btu of heat are added to the medium during a frictionle.ss 
expansion process. Determine the net work and thermal efficiency. 

d. The same as (c) except tliat the heat tran.sfer is out. 

e. The same as (d) except that sufficient fMction occurs during the expansion so 
that the final entropy after is the same :is befon* expansion. 

/. Sketch all cycles on an If-S diagram. 

7. Solve Exercise 4 for the incomplete expansion Rankine cycle having a volu¬ 
metric expansion ratio betw'een cutoff and release of 4 to 1. 

8. Solve Exercise 5 f(jr flic incomplete expansion Rankine cycle having a volu¬ 
metric expansion ratio betwinm cutoff and release of 4 to 1. 

9. X reciprocating steam pump receives steam theoretically at boiler pressure 

during the entire stroke, at the end of which the exhaust valve opens. Determine the 
theriiial efficiency for the same conditions as in Exercise 4. Check the work solution 
by the equivalent of the indicator card area on the P-F diagram. Also sketch the 
cycle on an IIS diagram. Arts. 0.077 at 200 Ib/in.* 

10. (Georges (Maude* proposed making u.sc of the surface water in tin .jopical seas 
for the source of energy for a power plant, and (he C(‘«d sea water at a depth of 3,OCX) 
ft for the cold body. The temperatures of these two bodies are approximately 80 and 
40 V, respectively. 

< 7 . Make a diagrammatic sketch .showing how the sea water will be used to develop 
power, indicating pre.ssures at various points in the cycle. 

b. Use any medium and compute the ideal Rankine cycle efficiency and ideal w^ork 
output per pound of medium. 

11. The Cochrane Corporation built a miniature power plant which operated on the 
wet- and dry-bulb temperature differences indicated by a psychrometer. Sketch a 
diagrammatic power plant and indicate how tliis effect can be utilized in this manner. 
Determine the ideal steam velocity in the turbine nozzle for atmospheric conditions of 
100 V and 30 per cent relative humidity. 

12. A singl(»-.stage regenerative cycle, with H2O as the medium, operates between 
initial conditions of 200 Ib/in.^ abs and saturated vapor, and a back pressure of 2 in. 
Hg abs. Determine the optimum bleeding pressure, the amount of medium to be 
bled, and the cycle efficiency. Use bleeding pressures of 200, 100, 50, 20, 14.7 Ib/in.* 
abs, 15 and 2 in. Hg abs, and plot the thermal efficiency and amount bled vs. bleeding 
pressure. Neglect feed-pump wxuk. Sketch the cycle wdth optimum bleeding pressure 
on an HS diagram. Ana. 0.132 lb bled and 0.318 eff at 20 Ib/in.^ bleeding pr. 

13. A single-stage reheating cycle operates between an initial pressure of 200 Ib/in.* 
abs and 750 F, and a back pressure of 2 in. Hg abs. The steam is reheated to 750 F. 
Determine the optimum reheating pressure for the cycle. Use reheating pressures 
ranging from initial to back pressure and plot the thermal efficiency vs. reheating 
pressure. Also, sketch the cycle with optimum reheat pressure on an HS diagram. 

* Power from the Tropical Seas, Meek, Eng.^ 52, 1039 (1930). 
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14. Solve the binary example in the text assuming that the feed water is heated by 
waste heat (heat from the flue gases leaving the mercury boiler) to 400 F before entering 
the condenser boiler. 

15. Assume that the mercury boiler in Exercise 14 is 80 per cent efficient before the 
waste-heat economizer is attached. Draw an imaginary envelope around the entire 
power plant, apply the Energy Equation to the process, and determine the power-plant 
efficiency for the example in the text and for Exercise 14. 

16. A gas heating cycle with air as a medium is used to heat a house in which the 
temperature is to be maintained at 70 F. The cold body supplying heat to the medium 
is the atmosphere at 0 F. Assuming a 10 F terminal temperature difference for bf)th 
heat-transfer processes, determine the coefficient of performance and compare with the 
result of Exercise 3 for the same conditions. Assume that Tb (Fig. 92) is 250 F. Sketch 
the cycle on an H-S diagram. 

17. Jtecompute Exercise 10 for the same heat absorption from the atmosphere but 
rejecting the heat to the room by two stages with optimum receiver pressure for the 
first-stage heat rejection. Sketch the cycle on an U-S diagram. 

18. Recompute Exercise 17 assuming heat absorption from the atmosphere in two 
stages with optimum reheating pressure for the expanders. 

19. A reversed cycle uses a gas as a refrigerant. The gas is compressed isothermally, 
then expanded adiabatically and reversibly, and then al>sorbs heat at constant pressure 
until the initial condition is attained. Pressure rat o is 2 to 1. 

а. Determine the refrigerating coefficient of performance. 

б . Compare this with the Carnot coefficient of performance for the same hot and 
cold body temperatures as used in a. 

20. An ammonia vapor refrigeration cycle is to be used for the manufacture of ice. 
The brine temperature is to be maintained at 10 F and cooling water is available at 
80 F. A 10 F terminal temperature difference is reciuired for both heat-transfer proc¬ 
esses. Well water at 00 F is available for freezing into ice. Determine the quantity 
of ammonia circulated and the work required per ton of refrigeration per day; also 
determine the quantity of ice produced per day. 

21 . Kleinschrnidt has developed a process for obtaining distilled water that has an 
energy requirement of only the w^ork of compression of water vai)or. I^he compressed 
water vapor heats and evaporates the impure H 2 O wdiich is then compressed. Assume 
that the liquid H 2 O is supplied at 80 F and that the distilled II 2 O is cooh^d at atmos¬ 
pheric pressure to the temperature of evaporation of the fresh supply. 

a. Determine the required suction pressure of the ideal compressor to result in a 
steady-flow process, 

5. Determine the ideal work per pound of distilled II 2 O. 

c. Determine the ideal compressor size to produce 1 lb of distilled II 2 O per hr, if 
the bore and stroke are equal and the compressor speed is 300 rpm. 

d. Make the series of processes into a cycle and check the work by cycle analysis. 

Ans. a, 5 Ib/in.^; b. 52 litu. 

22 . Two-stage compression with intercooling is to be used for the cycle in Exercise 20. 
The compressed vapor is desuperheated by bubbling through the throttled liquid from 
the high-pressure stage (see the Dry-ice Process). All of the vapor from the throttling 
and the desuperheating process is added to the vapor from the first stage and all is 
compressed in the second stage. Determine the quantity of ammonia circulated and 
the work required per ton of refrigeration per day; also determine the quantity of ice 
produced per day. Determine the optimum receiver pressure and final results by 
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assuming various pressures and plotting the results vs. receiver pressure. Also, sketch 
the cycle on an H-S diagram. 

23. Recompute the dry-ice example in the text using single-stage compression, the 
make-up being cooled by evaporation of solid CO 2 to a saturated condition. Compare 
the work required and the amount of dry ice produced per pound of CO 2 circulated. 

24. Recompute the dry-ice example in the text without intercooling but with constant 
pressure mixing of the vapor formed by each throttling process and that discharged 
from the compressor stage at the same pressure. Determine the pounds of solid CO 2 
formed per pound of CO 2 condensed after the last stage of compression. Also, determine 
the work requirement and the theoretical displacement of the low-pressure stage per 
pound of solid CO 2 formed. 

25. Estimate the displacement per pound of medium flowing to the reciprocating 
engine in Exercise 7, for 200 Ib/in.^ initial pressure. Compression occurs at 70 per 
cent of the return stroke. CUcurance is 5 per cent of the displacement. 

26. Estimate the displacement per pound of ammonia flowing to the ammonia com¬ 
pressor in Exercise 20. Clearance volume is 2 per cent of the displacement. 

27. Estimate the displacement of both expanders in Exercise 18, for 1 lb of NHs 
flowing to the low-pressure stage. Clearance volume is 2 per cent of the displacement. 



CHAPTER IX 


THE COMBUSTION PROCESS 

Combustion. —The rather rapid reaction between a fuel and oxygen that 
results in the liberation of chemical energy is ternu'd combustion. The 
combustion process is used to liberate the energy supplied to the boiler in 
the steam-power-plant process, to liberate the energy sup])li('d to the 
internal-combustion engine', and to liberate ('iiergy for various heating 
processes. 

The oxygen supply for the combustion process is usually obtained from 
the atmosphere which introduces nitrogen and other gases into tlu' process. 
However, the nitrogen and other gases are usually assumc'd to b(' inert 
substances which do not alter the reaction between the fiK'I and oxygen. 

Air. —The principal constituents of air are oxygen and nitrogen and 
seven other gases of which argon and carbon dioxid(' are of sufficient 
quantity to require consideration in refint'd computations. Th(‘ rela¬ 
tionship of the constituents by volume and by weight is shown in the 
accompanying table'. 


Constituents 

Sym¬ 

bol 

Mol 

Vol 

anal¬ 

ysis* 

Rela¬ 

tive 

wtt 

Approx 

vol 

amilvbis 

Rela¬ 

tive 

vol 

Apjirox 

t 

analysis 

CVmstit- 

uents 

Oxygen... 

0 , 

32 

0 2099 

6 717 

0 21 

1 

0 23 

Oxygen 

Nitrogen 

N: 

28 

0 7803 

21 861 




/ Nitrogen 

Argon. 

A 

40 

0 0094 

0 376 

>0 79 

3 7() 

0 77 

A and 

Carbon dioxide. 

CO, 

44 

0 0003 

0 013 

( 



\ other 

Other gases. . . 



0 000] 

I 

1 



t gases 

Total (air).... 



1 0000 

!28 97 

1 00 

4 76 

1 00 

j 

i 


* ^^International Critical Tables,” Vol. I, 393, McGraw-Hill Book Company, Tnc., 
New York, 1926. 

t Using the accurate molecular weights. 


The approximate volume analysis, O. 2 IO 2 and 0.79(N2 and other gases), 
will be used in dealing with air in reaction equations, and the symbol N 2 
will indicate nitrogen and other gases as shown in the table. However, 
the internal energy, enthalpy, etc., of N 2 will be used since very little 

189. 
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error is introduced at high temperatures and practically none at low 
temperatures. 

Reaction Equations. —The principal fuels used in the combustion process 
arc carbon and hydrogen and their combinations known as hydrocarbons, 
such as octane, CsHis. There are also the alcohols, such as ethyl alcohol, 
C2H6O, which consist of combinations of carbon, hydrogen, and oxygon. 
The elementary reaction equations for carbon and hydrogen uniting with 
oxygen are as follows: 

C + 02 ^ CO2 ( 1 ) 

2II2 “f" O2 2H2O ( 2 ) 

Thus, 1 molecule of carbon unites with 1 molecule of oxygen and forms 
1 molecule of carbon dioxide, and 2 molecules of hydrogen unite with 1 
molecule of oxygen and form 2 molecules of H2(). Since a mole of any 
substance is a fixed number of molecules, the reaction equations may be 
read in terms of mol(\s as well as of molecules. 

If all th(' substances in redaction ('quations are assumed to be gaseous 
and at the same pressur(' and tempcTature, the moles can be read as volumes 
in any syst^mi of dimensions. Thus, Eq. ( 2 ) may be read, 

2 ft^ of H2 + 1 ft^ of O2 2 ft® of H2O 

The dimensions of a reaction equation may be changed from moles to 
weight in pounds ])y multiplying tlu' moles of ('acli constitiu'nt by its 
respective molecular \v(‘ight. Thus, Eq. ( 2 ) l)(Tom(\s, 

4 11 ) of II2 + 32 lb of (>2 30 lb of H2O 

Obviously, th(' .sum of the weights of the reacting mixture con.stituents 
always eqdals th(' sum of the weights of th(' products in any reaction 
equation. This is not true for the moles or volumi\s of mixture and 
products. Ho\\(‘VC‘r, the same number of moUnjuk's of each element such 
as C, H 2 , O 2 , and N 2 , either alone or combined with others, will be found 
on both sid(\s of a correct reaction equation. 

Since air contains 3.76 ft® of N2 (and other gases) for each cubic foot 
of O2, there will be 3.76 mol(\s of N2 introduced into the reaction equation 
for each mole of O2 required whem the reaction occurs with air. Thus, 
the combustion of C and H2 in air results in the following equations: 

C + O2 + 3.76N2 CO2 + 3.76N2 ( 3 ) 

and 2H2 + O2 + 3.76N2 2H2O + 3.76N2 ( 4 ) 

The interpretations regarding weight, volume, and moles for these 
reactions are obviously the same' as indicated heretofore. 

Reactions may occur with more O2 or air than required for complete 
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combustion. Denoting the excess moles of O2 by e, the reaction equation 
for a hydrocarbon is 

C„H™ + (n + j + 6^)2 + 3 . 76 (n + ^ + 

nCOi + ^HsO + cOj + 3.7€^At +J + (5) 

H2O in Products of Combustion.—Fuels that contain hydrogen have 
H2O as one of the products of combustion. Immediately after the 
reaction, the H2O is highly superheated vapor which approaches and 
passes through the saturated condition as the products of combustion cool. 
The temperature at which the H2O will be saturated vapor is called the 
dew point (sec Chap. VI). The products of combustion arc usually 
rejected from such apparatus as boilers and internal-combustion engines 
at a temperature above the dew point. However, further cooling of the 
products will eventually result in the condensation of at least some of the 
H2O formed during the reaction. 

The partial pressure of any gas in a mixture of perfect gases is directly 
proportional to the number of moles of that constituent. The watc'r 
vapor may be assumed to act as a perfect gas at low pressures and its 
partial pressure determined from the molal relationship. Insj^ieetion of 
the water-vapor tables for the saturation temperature corresponding to th(' 
partial pressure of the II2O indicates the dew point for the water vapor. 


Example. —Determine the dew point for the water in the products of combustion 
from the reaction of H 2 with the reiiuired air. The products are cooled at a constant 
pressure of 14.7 Ib/in.^ abs. The reaction equation is 


pp of II 2 O 


2 H 2 + O 2 4- 3.7()N2 2 II 2 O -f 3.7()N2 


2 moles of H 2 O 
5.70 moles of products 


X 


14.7lb/in.2 = 5.10 1b/in.2 


Inspection of Ta})le or VII, Appendi^, indicates a saturation temperature or dew 
point of 103 F corresponding to this pressure. 


For high water-vapor partial pressures the assumption of perfect-gas 
condition introduces appreciable error. In this case the dew-point 
temperature may be assumed. This indicates the partial pressure of the* 
water vapor, from which the partial pnsssure of the noncoiidensable 
constituents can be determined if the total prc'ssure is known. The 
volume of the noncondensable constituents, determined from the Equation 
of State for perfect gases, should be the same as the volume of the saturated 
water vapor at the correct dew-point temperature. If the volume of the 
space occupied by the water vapor is known, the specific volume (Vg) 
indicates the dew-point temperature. 
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Analysis of Products of Combustion. —The products of complete com¬ 
bustion of common fuels are CO2 and H2O. Some CO, H2, CH4, and 
O2 will be found in the products if the combustion is incomplete, and 
considerable O2 will be present if an excess of it is supplied. Also, N2 will 
always be present if air is used for the combustion process. 

An analysis of the products of combustion may be made with an Orsat 
apparatus which i)ermits the selective absorption of some of the products 
(CO2, CO, and O2). The products are pass('d throup;h or brought into 
contact with a potassium hydroxide solution which will absorb CO2 only; 
then through a pyrogallic acid solution which will absorb the O2; and 
finally through a cuprous chloride solution wdiich will absorb the CO. 
The remainder consists of N2 and other gas(‘s. The contraction in volume 
is noted in each case and indicates th(‘ volumes or rnoU's of each constituent 
per unit volume or mole of the products analyz(‘d, exclusive of the water 
vapor in the products The products analysis for a given fuel may be 
predicted from tlie reaction equation, written in terms of moles, if the 
completeness of combustion is known or is assumt'd. 


Example. Determine the ma\iirjum ixueentage of VOi in the products of combustion 
of carbon and the requiied air; also foi the combustion of CH 4 and the reiiuired air. 

The maximum CO 2 \m 11 occur \Mth complete combustion. The reat uon equation 
for cartion is 

IC IO 2 3.7t>N2 ICO 2 "h 3.7t>X2 


100 X 


4.70 pi0(1 


= 21 0 % COi 


The reaction equation for CTT4 is 

1C?T4 -b 2()2 + 7 . 52 X 2 -> ICO 2 4- 2H>0 + 7 , 52 X 2 


100 X 


_ {CO2 _ 

S 52 dM piod 


11 7^1 CO, 


The gases when inducted into the Orsat apparatus for analysis are 
usually saturated with water vapor. The al)sorptioii of one of the con¬ 
stituents, at constant total pressure, raises the partial pressure of the 
remaining constituents. The water vajior cannot have a higher partial 
pressure than that corresponding to the temperature. The contraction in 
volume when one of the gases is absorbed causes the condensation of 
enough w^atc'r vapoi’ to maintain a constant wqiter-vapor pressure. Thus, 
the W'at('r vapor does not iiinuence the Orsat analysis which is the dry-gas 
analysis. 

Example.—Assume a mixture of O. 2 OCO 2 , O.IOII 2 O, and O. 7 ON 2 is drawn into an 
Orsat apparatus and analyzed at atmospheric pressure. Prove that there would be a 
22.2 per cent contraction of volume when the COj is absorbed. 
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The partial pressure of the water vapor is initially 0.1 atm, which indicates a mixture 
temperature of 115 F which will be assumed to be the Orsat temperature. After CO 2 
absorption, the water-vapor pressure will still be 0.1 atm, which makes the partial pres¬ 
sure of the N 2 equal to 0.9 atm. 

Assuming the initial total volume to be 100, which is also the volume of the N 2 at 
its initial partial pressure of 0.7 atm, the N 2 volume at 0.9 atm will be 

^ X 100 = 77.8 vol 


Thus, there would be a contraction in volume of 22.2 per cent when the CO 2 is 
absorbed. 

Chemical Energy and Heat Value.— 

The chemical energy and heat value of a 
fuel are determined from the reaction of 
Oout the fuel and oxygen in the pr(\s('nce of 
excess oxygen in a constant-volume or 
constant-pressure calorimeter.* The pro¬ 
ducts of combustion are cooled to th(‘ 
Fig. 100 .— Constant-volumt* oaionmetcr initial temperature of the mixture.f Th(‘ 

Energy Equation for the constant-voluiiK' 

calorimeter process, Fig. 100 , is 


Before Affer 


Fueh Oxygen 


Products 

c 

Vm 


Vp - 

P, T, If 


Pz T, ^ 


or 


C Urn ^ Vp + Qout 

C - Qv + {Up - Um)T 


( 1 ) 

( 2 ) 


where subscripts m and p indicate fuel-oxygen mixture' and products, 
respectively. 

Qv ivS the heat value of the fuel for the constant-volume calorimeter 
process. It is an absolute value but varies with temperature as indicat(*d 
by {Up — Um)T- Obviously, when this term is zcto, the chemical ('iiergy 
and heat values are identical. 

The constant-pressure calorimeter usually has steady flowj of mixture 
into the apparatus and steady flow of products out of it, sufficient h('at 
being transferred out to reduce the temi^erature of the products to that 
of the mixture before' reaction. The Energy p]quation for this proc(\s.s 
(Fig. 101 ) is 

C + Um + PVm= Up + PVp + Qout ( 3 ) 

or C = Qp + {Hp ~ //^)r ( 4 ) 

* For a comprehensive analysis of the bomb-calorimeter process, see Nat. Bur. Stand., 
Jour. Res., 10, 525 (1933). 

fThe cooling bath surrounding the constant-volume bomb rises a few degrees in 
temperature, for which a correction is made. 

X Flow indicates pressure drop and velocities. However, the pressure drops are 
small and the kinetic energy effects are usually negligible. 
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Qp is the heat value of the fuel for the constant-pressure calorimeter 
process. It is an absolute value but varies with temperature as indicated 
by (JIp — Hm)T- Thus, heat values vary with the process and the 
temperature of the process. 

Example.—The heat value reported per mole of CO is 121,721 Btu (Table XXIV, 
Appendix). This was obtained at a constant pressure of 1 atm and a temperature of 
77 F for the reaction 

(CO), + 0.5(0,), (COi), 

where su)>script </ indicates the gaseous state. Determine the chemical energy per 
mole of CO for the foregoing reaction. 

The Energy Equation for this process is 

CcC)+0.6()2 + (Hco -f = (//c02)686*6 + Qp 

Substituting values from Table XIX, Appendix, results in 

Cco-ho. 602 + 1147 -f .574 = 1181 f 121,721 
Cro ♦050.2 = 121,181 Btu/mole 

Chemical energy values are relative values and must be used only with 
the tables of internal energy or ('iitlialpy 
values from which they arc' evtiluated.* 

Chemical energy values would be abso- 
lute values if E and 11 values w er(' on an c 
absolute basis. 

Internal ('iiergy and enthalpy values Ua 
based on the same datum i)lan(' as values 
for gaseous mediums are used in evalu- Fig. i()i.--(V)nstant-pre8sure caiori- 
ating chemical energies since' the data for meter process, 

gaseous mediums are known for high tenipc'ratures and can be used for all 
combustion processes. 

Fuels containing H2 react with O2 and form H2C) as one of the products. 
The humidity of the air or oxygen, pressure, tem])erature, and nature of 
the i)rocess determine the amount of H2O condensed during the process. 
Under certain conditions, the amount of whaler condensed may be more 
than that foinied. Calorimetric processes for the determination of heat 
value are usually conducted under conditions that result in the conden- 

* Absolute values of energy should be substituted in Ikis. (1) to (4) for Vm and Up. 
Such values are not available, and it is inferred that constants U^^alid Up® are included, 
which if added to the tabulated values w'ould result in absolute values. 

Thus for Eq. (1), C + (U^ + TV) = (Up + UV) + <3out 
or (C + UJ - rV) = Of + (Up - U„)r 

Values of chemical energy as determined in the preceding example and given in 
Table XXIV, Appendix, are actually values of (C + Un»® ~ Up®). Obviously, sub¬ 
stituting these apparent cliemical energy values in an energy equation and making use 
of the same internal energy tables will eliminate the constants Um® and Up®. 
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sation of all or nearly all the water formed. Results are reported on the 
basis that all the water formed has been condensed.* 

Example.—The heat value reported per mole of H 2 is 122,963 Btu. This was obtained 
at a constant pressure of 1 atm and a temperature of 77 F for the reaction 

(Ha),+ 0.5(00,^(1120), 

when subscripts g and I represent gaseous and liquid states, respectively. Determine 
the chemical energy per mole of PI 2 . 

The P^nergy P]quation for this process is 

rn2+o.602 "b (ffna + O.S/ZoOsse-e = [(//n2o),]686-ft + Qp 

Substituting values from Table XIX (\ppendi\), 

C,i2+o602 + 1146 + 575 = 1167 - 18.016 X 1050.4t + 122,9^3 
Oiij+oBOj = 103,485 Btu/mole 

Chemical energy and heat values for various fuels are given in Table 
XXIV (Appendix). 

Heat value represents the he^at transfer out of the calorimeter pro(;ess 
operated under specified conditions. It is not an energy term in the 
energy equation for a combustion process at conditions other than those* 
of the calorimeter process. Chemical energy, however, is a function of 
the mediums undergoing reaction. Any two substances that will react 
have associated with them a definite amount of chemical energy for the 
given reaction. This can bo used as an energy term in the Energy 
Equation for the given reaction process. Since heat value and chemical 

* This is commonly tern ed tho “high heat value.’^ A purely fictitious low heat 
value is obtained by assun ing that the H 2 O is not liquid but is saturated vapor. This 
condition could not exist unless the calorimeter process was operated at a temperature 
corresponding to or higher than the dew point for the water vapor in the products of 
the reaction. 

The difference between the high and the low heat values for Pb at 77 F is 18.016 
X 1050.4 = 18,924 Btu/mole of H 2 , where 1050.4 is the latent heat for 1 lb of H 2 O 
at 77 F. 

Then, Low heat value = 122,963 - 18,924 = 104,039 Btu/mole 

The principal argument for the use of low heat value is that the internal-combustion 
engine and gas turbine exhaust the products of combustion at temperatures well above 
the dew-point temperature for the winter vapor and, therefore, the engine and turbine 
should be charged with the low heat value. However, the mere fact that the engine 
and turbine fail to return the products to the original mixture temperature is an indica¬ 
tion of inefficiency, and the engine and turbine should be charged with the high heat 
value in efficiency determinations. 

t The latent heat of H 2 O is subtracted from the enthalpy value from Table XIX, 
Appendix, at the same temperature, to get the enthalpy value for liquid water on 
the same basis as the values in Table XIX. 
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energy are related through the Energy Equation for the calorimeter 
process [Eqs. (1) to ( 4 )], heat value may be introduced by substituting 
for C + {Um)Ti Energy Equation its equal (Qv -r Up)^ (page 193 ), 

or by substituting for C 4 - ils equal (Qp + IIp)ti. 

The fuel, as well as the H2O, may be liquid or gaseous for the calorimeter 
or other combustion process. Tahh's XIX and XX, Appendix, contain 
values of internal energv for various mc'diums in th(> gaseous state. 
Energy values for mediums in the liquid state should have the same 
datum plane so that the chemical energies of the various reactions will be 



Fio. 102.—IllustratinK method of evaluating I ^ or from gaseous data. 

the same regardless of the state of the fuel. Thus energy values of liquid 
fuels are obtained by subtracting the latcait heat of the fuel, which is 
knotvn at some given temperature , from the energy value of the fuel in 
the gas(‘OUs state at the same temperature. This procedure is based on 
the assumption that the energy value in the gaseous state' is the same as 
the value of th(' saturated vapoi at the same temperature. This is very 
nearly correct at low pressures. 

When the enc'igy value at the saturated-liquid line at some temperature 
has been determined, the value at the desired temperature can be obtained 
by the use of the specific heat of the liquid fuel and the temperature 
difference between the desired tem})erature and that at which the energy 
value is known. 

Example.—Determine the internal energy of 1 mole of liquid octane at 100 F. Assume 
the specific heat ot liquid octane to he 0.5 Htu/(lb X °F temp diff). 

The latent iieat of 1 mole of octane at 77 F is 17,730 Btu (Table XXIV). 

The enthalpy of gaseous octane at 77 F is 674 -1- 1060 = 1740 Btu/mole (Table XX). 

The difference in 11/ between 100 and 77 F is 0.5 X 114 X (100 — 77) = 

1311 Btu/mole. 

Thus, following the path indicated in Fig. 102, 

Hf = 1740 ~ 17730 -h 1311 = -14679 Btu/mole 
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The difference between the heating values at constant pressure and 
constant volume can be determined from the difference between Eqs. 
( 2 ) and ( 4 ). Thus, 

Qp-Qv^ [(H - U)„ -{H - UUt ( 5 ) 

= [(PF)„ - (PF)„lr (6) 

Assuming that all constituents are in tin* gaseous state, 

Qp-Qv = (M„ - M^)RT ( 7 ) 

From Eq. (6) it is obvious that the difference between the two heating 
values is the work done by or on the products in expanding or contracting 
during the constant-pressure process. From Eq. ( 7 ) it is obvious that, 
if the mixture and products of the reaction are in the gaseous state and 
equal in moles, the two heating values are the same. 


Air-fuel mix in 


Products out 

c+ ^ 


Hp, " 


Boiler 

- -Qou 

H2O m ^ 


H2O out ^ 



HhjO out 


Fia. 103 —The boiler process. 


Boiler Process.—The boiler furnace is supplied with a mixture of fuel 
and air that has a definite amount of internal energy. Tlu' (‘iKonical 
energy of the reaction is liberated by the combustion process and appears 
as energy of the products of combustion. Most of the energy liberated 
is transferred from the products of combustion to the medium (usually 
water) that is evaporated in the boiler. A consider able amount of energy 
leaves with the products of combustion which aie* not cooled to the initial 
mixture temperature, and some energy is radiated fi-om the boiler* setting. 
An appreciable amount of energy may leave with the ash in the feirm of 
unliberated chemical energy and internal emergy. Since the mediums fle)w* 
to and from the boiler, flow w^ork is associated wrth them. 

Assuming complete combustion, no loss in the ash, and a steady-flow^ 
process, the Energy Equation for this process (Fig. 103 ) is 

C + Hmi + Hn20,^ = + Qont ( 1 ) 

or {Ho\xX — H in)H20 = C + //nil — //p2 QomX (2) 

This equation indicates the enthalpy increase for the H2O flowing 
through the boiler. 





THE COMBUSTION PROCESS 


191 


Example.—A boiler is burning CH 4 with 25 per cent excess air. The flue-gas tem¬ 
perature leaving the boiler is 440 F. Determine the pounds of water vapor produced 
per mole of CH 4 , assuming 3 per cent loss of chemical energy by radiation from the boiler 
setting. Feed-water temperature is 200 F and the steam leaves the boiler saturated 
at a pressure of 150 Ib/in.* abs. CH 4 and air are supplied at 77 F. 

The reaction ciiuation for the combustion process is 

0114 -h 2.5O2 4 - 9.4ON2 CO, -h 2H2O + O.5O2 + 9.4ON2 

From Table XIX, Appendix, 

Hp. - (//ro2 4 2/^1 ,,0 4- O. 5//02 H- 0.40//N2)9ao 
= 4752 -h <S30() 4* ISSS + 34,705 = 49,‘>51 Htu 

Also, from Table XIX, Appendix, 

= (//cH, 4“ 2 . 5//02 "b 9.40 //n2)636.6 

= 117S 4- 2S73 -f 10,782 = 14,833 

Then, //p 2 - Hm, = 19,051 - 14,833 = .34,818 Btu/molc of CH 4 

The elieiriienl energy of CII4 H O. per mole of ('H 4 is 345,214 Btu, Table XXIV, 
Appendix. Tin* (*iiergy lost by heat transfer from the l)oiler setting is 3 per cent of the 
chemical energy, lleiice, 

Qonx = 0.03 X 345,214 = 10,356 Btu 
Substituting the for(‘going values in Ecj. (2) results in 

(//out - //uJn^o = 345,214 - 34,818 - 10,35(> 

= 300,040 litu/inole of OH 4 

From Tables VI and Ap])endix, 

= 1()8.0 Btu/lb of feed water 
//out = 1194.1 Btu/lb of steam 

Then, lio^T- T(S^ “ of 

Complete-combustion Temperatures. —The maximum temperature for 
the combustion jirocess will be attained with a constant-volume, adiabatic, 
and complc*t(*-combustion process, assuming no energy supply other than 
that of the reaction. The Energy Equation for this process is 

C + {Um)l = ((/p)2 ( 1 ) 

All the chemical energy of the reaction and the internal energy of the 
mixture appear as internal energy of the products of combustion. This 
indicates the maximum temperature of the combustion process. If work 
is done on the mediums or some other form of energy is added during the 
combustion process, it will increase the energy of the products and also 
the final temperature. 

Example.—Determine the temperature of the products of combustion of carbon 
monoxide with oxygen if the process occurs at constant volume with no heat loss. 
Initial mixture temperature is 60 F, 
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The reaction equation is 

CO -h O.5O2 CO2 

The Energy Equation for this process is 

Cco+o-602 + + 0.5^02)520 = { Cco^T 

Substituting values from Tables XIX and XIV, Appendix, 

121,181 + 0 + 0 = {Uc{)^T 
{Uco^)t = 121,181 Btu 

This is well above the internal energy of CO 2 at 5400°R; and since an api)reciable 
amount of CO 2 will dissociate at this temperature, any estimate of final temperature 
by extrapolation of the internal-energy values \Nould be worthless. 

The use of air instead of oxygen, in the foregoing example, appreciably 
reduces the final temperature of the products of combustion, since the 
energy is divided between the nitrogen and the products formed by the 
reaction. 

Example.—If the required air iuvstead of oxygen is used in the previous example, the 
reaction equation becomes 

CO + 0.502 H- I. 88 N 2 CO 2 -h I.S 8 N 2 

The hvnergy h^quation for this reaction is 

CcO+0.6O2 + (Uco + 2.38[/air)620 ~ (f^C 02 4" 

Substituting values from Ta>)les XIX and XXIV, Appendix, results in 

(^002 + l.S 8 r 7 N 2 )r = 121,181 + 0 + 0 - 121,181 Btu 

The loft side of this equation is solved for various values of T, as follows: 


T, nt 

(J CO 2 

1 . 88 f/N 2 

Sum 

5200 

53,963 

54,447 

108,410 

5300 

55,265 

55,738 

111,003 

5400 

56,569 

57,034 

113,603 


Extrapolating for 121,181 Btu total energy results in a final temperature of about 
5700°R. An appreciable amount of CO 2 would dissociate at this temperature and, there¬ 
fore, it could not be attained. 

The constant-pressure combustion process has work out during the 
reaction and results in a lower final temperature. The Energy Equation 
for this process with no heat loss is 
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C + {Umh = (C/p)2 + Fout (2) 

= + P[(V^)2 - (FJJ 

or C + {Hm)\ = {Hp)2 ( 3 ) 

Example.—Determine the temperature of the products of combustion of CO with the 
re(iuired air if^the process occurs at constant pressure with no heat loss. Ti =» 60 F. 
The reaction equation for this process is 

CO + O. 5 O 2 -f LS 8 N 2 ;=i CO 2 + I. 88 N 2 
The Energy Equation is 

Cco+o.B(i2 + (//oo 4“ 2.38// airJo-O (/fcon + 1.88/fN2)r 

Substituting values from Tables XI \ and XXIV, Appendix, results in 


(//C 02 + ESS/Zn^)? = 121,181 + 1033 + 2.3S X 1033 
= 124,673 Btu 


The left side of this equation is solved for several T values as follows: 


r, °R 

H CO 2 

1.8S7/N2 

Sum 

4700 

56,817 

65,574 

122,391 

4800 

58,308 

67.223 

125,531 


Interpolating for 124,673 Htu results in a final temperature of 4773°R. Appreciable 
dissociation of CO 2 would occur at this temperature and, therefore, it could not be 
attained. 


Other combustion processes with heat transfer and dilution with other 
gases are solved in a similar manner. Complete combustion cannot occur 
unless heat loss or some other means of energy dissipation reduces the 
energy content of the products to a condition of about 3000°R, below 
which dissociation is usually negligible. Chemical equilibrium must be 
considered above this temperature. 

The chemical energy term may be eliminated from the foregoing equations in the 
following manner in the constant-volume process: 

C 4- = (Pp). Eq. (1), p. 191 

The constant-volume calorimeter equation is 

C -t- = (Pp)i + (Qv)i Eq. (1), p. 186 

Eliminating C between these equations results in 

(Qv). = 


(4) 
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Thus, if the fictitious process of burning the fuel at Ti to obtain (Qr)i is followed, and 
if this heat is used to raise the products from Ti, the correct final temperature for the 
products will result. The actual process that starts with fuel and oxygen or air at T\ 
and proceeds to products at T ’2 is lost sight of in this method of analysis. 

Heat values must be used for combustion calculations for fuels such as 
coal and commercial petroleum products for which the internal-c'iiergy 
values are unknown. However, the foregoing indicates that the products 
of combustion must be known. 

Example.—The initial temperature in the preceding example is GO F. The heat value 
of CO at GO F is 

Qp = CcO+0.602 + {Jfm ~~ ffp)60 

= 121,1X1 + i.fi X 1033 - 1033 = 121,698 Btu/inole 

The Energy Equation foi the combustion process in the preceding examjde is 
CcO+0.iiO^ -f //nij = II = Qp^ + II 

Thus, Qp, = {IIt - IIm)p = p)i ~ 2.88 X 1033 

there being 2.88 moles of products. 

Finally, (//p)y = 121,698 4 - 2975 = 124,673 Btu 

This is the same result that was obtained in the preceding example. 

Chemical Equilibrium.—The maximum temperatures attained in com¬ 
bustion processes are appreciably lower than thos( based upon complete 
combustion, because of heat loss and dissociation of the products of 
combustion. Appreciable dissociation occurs at high temperatures and is 
accompanied by an absorption of internal energy which is transformed 
into chemical energy. Thus, the dissociated products will have chemical 
energy associated with them, and the net chemical energy libcratc^d 
appears as internal energy or enthalpy of the products and as heat loss. 

Hydrocarbon fuels burn to CO 2 and H 2 O which appear in the products 
along with N 2 when air is used as the oxidizing agent. Dissociation results 
in the formation of apiireciable quantities of CO, H 2 , and (> 2 , according to 
the reversible reactions 

2 CO 2 2CO + O 2 (1) 

^ 2H2O 2H2 " 4 “ O2 ( 2 ) 

Other constituents such as N, 0, H, OH, NO, and C may be formed by 
further dissociation and combination of the various constituents. 

Both combination of the various constituents into products of com- 
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bustion and dissociation of the products are assumed to occur simultane¬ 
ously in various parts of the mixture at chemical-equilibrium conditions, 
but the net result of the combination processes is exactly equivalent to 
the dissociation processes if the temperature remains constant. Writing 
the CO reaction equation for combustion or combination and then 
dissociating to ehomioal equilibrium conditions result in 

2CO + 02^ 2 CO 2 2.rCO + 2(1 - x)C02 + xO. (3) 

when X represents the part of th(‘ (/O 2 that has been dissociated into CO 
and O 2 . The H 2 reaction would be 

2H2 + O2 2H2O ;=± 22/H2 + 2(1 ~ ?y)H20 + 2/O2 ( 4 ) 

Similarly, for a hydrocarbon, 

C„H™ + nxCO + j)(l - x)COi + 

+ 2^1 - j/)H ,0 + ^2^ + ( 5 ) 

The Second Law of Thermodynamics indicates that irrt'versible processes 
iH'sult in an increase in entropy for the entire system undergoing change. 
The combustion process when started by a soui ce of ignition is a self-acting 
l)rocess that is irreversible. Self-acting processes will attain an (‘quilibrium 
condition when the entropy of the vsystem is a maximum. Consequently, 
to d('termine the equilibrium condition for the products of combustion, the 
(expression for the entropy of the products of reaction (and any other me¬ 
dium involved) as indicated by the x (or y) relations must be differentiated 
with res])ect to x (or ?/) and equated to zero to determine* the equilibrium 
condition. 

For any products constituent (ICc] 3, p. 105) 

MS = -V - MR In pp + (6) 

when Sq is the constant of integration for the T and P functions here used. 

Applying this relation to the products of the C'O reaction (Eq. 3), noting that the 
partial pressure of any constituent is proportional to the ratio of the moles of that 
constituent to the total moles, 

■S'n™i - ~ ■'A'ojT 

jf: '■] 

+ j^2urASoco + 2(1 -j)/?oco2 "^“ 02 Jr p 

wherein P is the total pressure of the gases. 
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Assume that the temperature and the total pressure of the products will be constant 
for any increment change of x. If the fraction dissociated, is decreased, chemical 
energy will .be liberated and heat must be transferred out to maintain constant tem¬ 
perature. In order not to introduce the effect of the heat-transfer process on entropy, 
a reversible process will he used. This indicates the use of a large body at temperature 
T to or from which heat may be transferred without changing the net entropy of the 
system. The amount of heat transferred when 2 .rCO changes to 2(x -f da-)CO is 
dxQp^^Qy wherein is the heat of combustion at constant pressure at temperature 

T for the given reaction. For an increment of dx increase in x, heat must be 

transferred from the large body at temperature 7^ resulting in a decrease in entropy of 
the large body of 


-dS = 


d'^Qp^co 

r 




or fix T 

Differentiating the various parts of F.q. (7) results in th(‘ following. 


dx 


dS 

dx 


f dT, dT ^ f dT ^ f (IT 

for yjr terms = - 2 j 


(iff 


^ for,So terms = 2 .S,^„ + .S„„^ - 2 ,S„^p^ 


(9) 


( 10 ) 

( 11 ) 


Also dS/dx for the In P terms is obtained as follow’s: 

i 2 = Ir - 2x In (2 + x) + 2x In />] 

= 2 + 2 In 2x - 2 -^^ - 2 In (2 + x) + 2 In P (12) 

S [2(1 - P] - -2 - 2 In 2(1 - X) - 51'^ + 

2 In (2 + x) - 2 In P (13) 

ic b 2^ P] = 1 + In X - 2 ^ - ln(2 + x) + In /' (14) 

Adding Eqs. (12) to (14), 


dx 

Noting that (2 -h j-) = 
by P^IMp^ result in 


(In P terms) = In 


(2a-)2 . xP 


(If)) 


Mr. 


[2(1 - X)] ^2 + 
total moles and multiplying numerator and denominator 


dx 


(In P terms) = In 


In 


( 


Mr, 


nm 

r2(i - X) 


L" Mp 

(pPco)2 ppo. 


’]■ 


In Kp, 


SCO. 


( 16 ) 


(PPOOj)* 


(17) 
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where is the equilibrium constant for the given reaction and is defined by the 

partial pressures of the constituents at equilibrium. 

Adding Eqs. (10) and (11) and noting that the sum of the respective terms is the 
entropy of the various constituents for a unit pressure for each consiitiu^nt, result in 

(^ScO "f" *^02 2 >S(^ 02 )unit pr “ (*^mix *^pri,d)uint pr ~ AaS> (18) 

Adding the various parts ot the foregoing differentiation, 

^ ~ "+■ ““ >S'prod — /? In =0 (19) 

for a maximum and for equilibrium 

or T{Sra\yi — =* J' AS — Qp^CO + -^"^2002 

It should bo noted tha^ 

1 . AS is the entropy of reaction, Smix — *Sprod, for the reaction con¬ 
sidered with each cormtituent at a unit pressure and temperature T, 

2 . Qpis the heat of combustion at constant pressure and temperature T 
for the reaction considered. 

3. Kp is the equilibrium constant (Eq. 17) for the reaction considered. 
The partial pressures of the constituents formed by dissociation are in the 
numerator and the partial pressures of the original constituents are in the 
denominator. The exponents of the partial pressures are the coefficients 
of the terms in the elementary reaction equation [Eq. (1)]. Thus, multi¬ 
plying the coc'fficients of the various terms in a reaction equation by n in¬ 
creases the value of In Kp by the nth power, etc. 

Also, simplification of Eq. (16) results in only one P/Mp term, the power 
to which it is raised being equal to difference in the moles of constituc^nts 
on the right and left sides of the elemcmtary reaction Eq. (1). 

Tables XXV and XXVI, Appendix, contain data for various reactions. 

The dissociation of 2 H 2 O is indicated by a reaction equation [b]q. (2)J 
similar to thnt for th(' dissociation of 2 CO 2 . Consequently, the equilibrium 
constant is identical in form (see Table XXV, Appendix). The symbol 
y instead of x may be us(‘d for the H 2 O reaction. 

Subtracting the 2 H 2 O reaction from the 2 CO 2 reaction results in the 
water gas reaction. Thus, 

2 CO 2 2CO + O 2 

2 H 2 O 2 H 2 + O 2 

2 CO 2 + 2 H 2 ^ 2CO + 2 H 2 O 



198 


THERMODYNAMICS 


Since the equilibrium constant is the ratio of the product of the partial 
pressures of the constituents on one side to the product of the partial 
pressures on the other side of the equation, it can be shovra that 


Kp 


wg 


x{\ — y) _ 

y(l — x) ^P 2 H 20 


( 21 ) 


Example.—Check the equilibrium constant at /)000°K for the reaction 

2 CO 2 2CO -f O 2 


by using PJq. (20). Note in the following that the first and second conditions for the 
entropy and P]nergy Equations are indicated by the right and left sides, respectively, 
of the reaction ecjuation. 

From Tables XXll and XXV, Appendix, at 5000“R and a unit pressure for each 
constituent, 


S, 


JblO Jb20 Jbi 


PCO 2 T 


+ A*S^k 


= 35.44 + 18.49 - 55.90 + 41.42 = 39.39 
The Energy Equation for the heat of combustion is 

C + {H)]. — { 11)2 — (C 2 CO+O 2 + Ihci) + ^^ 02 ) ■“ (^ 2002 ) “ G^2C0 


From Tables XIX and XXIV, Appendix, at .5000°Tt, 

242,302 + (55,824 + 19,800) + (29,010 + 9930) - (102,730 -f 19,800) = Qp 
or Qp = 235,002 

Substituting in Eq. (19), 

j. _ 5000 X 39.39 - 235,002 _ 
loRio/VPjpo^ 1.98t) X 5000 X 2.3020 


which is slightly lower than the value listed in Table XXVI, Appendix. 


At high ])ressurcs, mc'diums deviate appreciably from the perfect-gas 
state, and the partial pressui-es in Eq, (17) must be replaced by the fugac- 
ities or the activities (fugacities in atm.).* 

Chemical-equilibrium Combustion Temperatures.—The maximum tem¬ 
peratures attained during combustion processes dejx'nd on the dissociation 
of the products of the reaction. For reactions such as 

2 CO + O2 2CO2 

there will be two unknowns, T, the maximum temperature, and x, the 
part dissociated. The expression for which depends on tempera- 

* Elwbll, E. H., Calculation of Chemical Equilibrium at High Pressures, Ind. and 
Eng. Chem.y 32,117 (1940). 
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ture, provides one relationship between these two variables. Thus, from 
Eq. (16), page 196, 

^_ *1 _^ 

(1 _ a ;)2 M , 

where Mp = 2 + ^ = total moles of substances at equilibrium for this 
reaction. This equation is used for constant-pressure processes. 

Assuming gaseous constituents and perfect-gas relationships, 


Pi Vi ^ PV 

MiTi MpT 


( 2 ) 


where subscript 1 represents the conditions at the beginning of the process. 
Eliminating P/Mp between Eqs. (1) and (2) results in the equilibrium 
equation for the constant-volume case. Thus 


_ X* Pi Vi 
T (1 - xy MiTi V 


( 3 ) 


The Energy Equation for the process of combustion of CO with O 2 , as¬ 
suming a condition of chemical equilibrium for the products, provides an¬ 
other relationship involving the two variables T and .r. The simultaneous 
solution of Kq. (3) and the Energy Equation provides a solution for the 
two unknowns. 


Example.—Determine the temperature of combustion of carbon monoxide with air 
if the firocess occurs at constant volume with no heat transfer. Initial mixture tem- 
[lerature and pressure are 60 F and 1 atm. 

For this constant-volume process, (3) may be written 


, „ 1 .r 1 ^ X .520 

y = log - loK A + log-j- 


where M\ = 2 moles CO H- 1 mole O 2 + 3.76 moles of N 2 , 

P\ = 1 atm, 
and 7’i = 520°R. 


For every assumed value of a value of AV for the dissociation of CO 2 can be 
obtained from Table XX\ I, Appendix, and the right side of this equation can be 
evaluated and plotted (Fig. 104). Values of the left side are determined for various 
values of x. These arc also plotted in Fig 104, the same vertical ordinate being used 
since the left side equals the right side. Corresponding values of T and x can be read 
from this diagram and plotted as the Equilibrium Equation in Fig. 105. 

The Energy Equation for this process becomes 

2(1 — x)Cco +02 + (2Uco + t/oa H“ 

= l2xUco + 2(1 - x)Uco 2 + xUo^ + S.TGT/nJt- 

Substituting values of Too +02 and 17 b2o in the left side and values of U at various assumed 
temperatures in the right side of this equation provides values of T and x that satisfy 
the Energy Equation. Thus, at 5000°R, 
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2(1 - 1)121,181 + (0) = 65,824a: + 2(1 - a:)51,365 + 29,616a: + 3.76 X 27,689 
or a: = 0.159 

Plotting values of T and x obtained in the foregoing manner results in the curve 
labeled Energy Equation in Fig. 105. The intersection with the curve labeled Equilib¬ 
rium Equation indicates a solution at P = 4900°R and x = 0.183. 


The Na energy term in the foregoing .solution i.s eliminated when the 
combustion occurs with Oa alone. The partial-pres.sure expros.siori for Kp 
is the same, .since, with air, the partial pressun* of the Na aitpears in both 
the numerator and denominator and cancels itself. However, the value of 
Afi in the equilibrium equation is affected. 



Fig. 104. —Solution of Efiuilibriuni Equa¬ 
tion for 2CO O 2 2COj, reaction 



Values of jc 

Fig. 105.—Solution for 2CO -f- Oo 
2 C ()2 reaction. 


Combu.stion processes dealing with hydrocarbons, as indicated in Eq. 
(5), page 195, have throe unknowns, T, x, and y. The Enc-rgy Equation 
for the process provides one relationship between these unknowns. The 
equilibrium expressions for the dissociation of COa and HaO, aj^plied to the 
equilibrium mixture for the given process, provide two other relationshijis 
between the three unknowns. The simultaneous solution of these equations 
provides a solution for the combustion process. 

The solution may be made by evaluating the Energy Equation for an 
assumed temperature which provides a relation between x and y. The 
combination of the two equilibrium relationships for the dissociation of 
COa and HaO, applied to this reaction, results in the equilibrium relationship 
for the water-gas reaction, Eq. (21), page 198. Substituting the values of 
Kpyrg for the assumed temperature provides another relationship between 
X and y, which combined with that of the Energy Equation at the same 
assumed temperature re.sults in the evaluation of x and y at this tern- 
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perature. The assumed value of T and the determined values of x and y 
must satisfy either one of the equilibrium relationships applied to this 
reaction, and provides a check on the assumed temperature. 

Example.—Determine the temperature of constant-volume adiabatic combustion for 
CgHis and the required air. Initial temperature is 1100°ll. Initial i)ressure is 125 
lb/in .2 abs. 

The reaction equation is 

CsHig -i- I2.5O2 + 47N2 SxCO -b 8(1 x)CO^ H- Ot/Hj + 9(1 - //)H2() 4 - 

(4.r + 4.5f/)02 4- 47N2 

The lOnergy Equation for this reaction is 

+- 12.602 4“ (f^mix)llOO = 4“ ''cO 4 -O. 6 O 2 9 //rH 2 >-0,602 

From Table XXIV, Appendix, 

( c«H,y+i 2 . 6()2 = 2,201,618, 8 :r( co-fo .602 = 969,448i:, and = 931,365/y Btu 

From Tables XIX and XX, Appendix, at llOO'R. 

C/c,Hi, 4- 59.5r«u = 32,241 4- 175,942 = 208,183 Htu 


From Table XIX, Appendix, at 5000°K: 


Products 

Numerical 

terms 

X terms j 

y terms 

Sj-CO . . . 


223,256x 


8(1 - r)C02. 

110,920 

-410,920x 


9 //H 2 . . 

' 


232,371 f/ 

9(1 - !/)ll20. 

358,965 


-358,965?/ 

(4x -f 4.5//)02. 


118,4t)4.r 

133,272// 

47 N 2 . 

1,296,683 



Sum.... 

2,066,.568 

- 69,200.r 

6,678?/ 


Substituting the various values in the Energy Equation results in 
2,201,618 + 208,183 = 2,066,568 - 69,200 j- 4- 6,678i/ 4- 969,448,r 4- 931,365.v 
or y = 0.3659 - 0.9597x (A) 

At 5000®R, for the water-gas reaction (Talde XXV, Appendix), 

x(l - y) 


Kr = 6.547 = 


//(I - X) 


y = 


(tf) 


6.547 - 5.647J 

Eliminating y l^etween Eqs. (A) and (B) and solving the resulting quadratic equation 
result in 


and, from Eq. (A), 


X = 0.313 
y = 0.065 
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These values have been plotted in Fig. lOh. 

The equilii)rium relationship for the dissociation of CO 2 is applied to this combustion 
process as follows: 

( 4.5i/ \p 

[COnO.| _ \m /^} \ M„ ) _ 




[COj]* 




(1 - Xr 


'Mp 


{C) 


Substituting the determined values for x and 
equivalent of P/Mp, results in 

(0.313)^ 


y and values for P^T/MmTu the 




2 CO 2 (1 . 0.313)* 


(1.252 + 0.293) 


125 X 5000 


14.7 X 00.5 X 1100 


= 0.203 





From Table XXVI, Appendix, 

0 .0200, which does not check the foregoing computed 
value. The correct and computed values for Kp are 
plotted in Fig. lOO. Assuming other values of T and 
following the foregoing procedure result in a solution at 
r = 5220°R, a; = 0.210, and y = 0.010. 

Reversible Adiabatic Expansion or Compres¬ 
sion. —Mediums undergoing reversible adiabatic 
processes do not have a change in entropy. 
Consequently, these proec'sses are analyzed by 
determining the final temperature T 2 or other 
condition that will indicate the same entropy at 
the end as at the beginning of the process. 

Either the volume ratio V^IVi or pressure 
ratio P 2 /P 1 is known. Them, for any assumed 
7^2, the equilibrium constants are known and 
5000 520C) 5400 the corresponding values of x and y can be 

Deg. Ran ine determined. This determines the moles of tlu' 
iiG. ^ constituents at T 2 . The partial pressure of (\‘ieh 

constituent is dotei’inined by the charactei-istic 
equation for the corresponding 7^2, V 2 (or P 2 ), and A/ 2 . Finally the 
entropy S 2 is determined by the entroj^y equation from the det('rmiii('d 
moles, partial pressunvs, and assumed temperature. 


Example.—The combustion of a mixture of Cgllis and the required air at an initial 
temperature of 1100®R and an initial pre.s.sure of 125 lh/in .2 abs resulted in a tempera¬ 
ture of 5220®R, X = 0.216, and y = 0.040. The mixtuie is to be expanded reversildy 
and adiabatically to five times the volume corresponding to the volume for the initial 
conditions given. Determine the final conditions and the work done. 

The total moles of products of combustion are 

8:rCO + 8(1 - .r)C02 + dyB, -f 9(1 - 2/)H20 + (4x -f- 4.57y)02 -f- 47N2 

or, substituting the values of x and 
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1.728CO + 6.272COj + O.SeHj + 8.64HjO + 1.044Oj + 47Nj = 65.044 moles 
These products resulted from 60.5 moles of a mixture of CgHis and air. 


Vi 


M,RT^ _ M„RT„ _ 60.5 X 1545 X 1100 


Pp Pn 


125 X 144 


5710 ft» 


Hence Vj = 5V, = 28,550 ft>. 


i 

Assume 

3800°R 

3900°R 

4000*^11 

Ti= 5220 

log,oAV„. (Table XX VI). 

0.603 

0.700 

0.723 


A . 

4.932 

5.116 

5.2S4 


logioAVjco, (Table XXVI) 

-4.95 

-4.59 

-4.25 


^^2C02 . 

1.122 X lO-*^ 

2.571 X lO-o 

5.624 X 10-*^ 


2 /froin (/?)p.201 ] 

T 

T 

.T 


4.932 - 3.932.r 

5.116 - 4.116.T 

5.2S4 - 4.284a- 


. 

0.02S1 

0.0365 

0.0467 

0.216 


0.005cS 

0.0074 

0.0092 

0.040 


Detcrmiiifil by 8u})»titutiii« the value for y in terms of x into Eq. ((’), j). 202, and for P/Afp its 
equal KT 2 /V 2 or (154o X 7’2)/(2S,5o0 X H.7 X 144), and evaluating x for the corresponding value of 
ATp-icog* Note tliul P is in atmospheres. 


Then from Tables XXII and XXV, Appendix, adding AASf 62 o for the respective 
reactions to the fuel constituents, 


0 f <tT 

^^j^Poo-T . 

8.1 


10.0 

13.6 

67.0 

8(1 - -Tp- ■ ■■ 

185.9 


186.7 

188.0 

179.4 

■^n'-rn.-T . 

1.3 


1.7 

2.1 

10.0 


169.8 


172.3 

174.0 

198.5 

(4x + 4.rw)Jr^^/Y..- 

2.2 


2.9 

3.7 

19.8 

47 [c,. 5 . 

712.1 


723.0 

733.1 

842.0 

J ’’^2 T 




2 f Mcp ^ . 

1070.4 

1097.2 

1114.5 

1316.7 



The —AIH In pp terms for the entropy expression arc determined as follows for the 
constituents at 5220°R, where. 


Pm M^T _ 125 X 65.044 X 5220 
Mm "Tm 14.7X60.5X1100 


43.4 atm 
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Constituent 

M 

in ppt 

- 1.986M In pp 

PP ~ (i5 044 ^ 

1.728CO 

1.151 

0.1407 

-0.48 

(i.272CO, 

4.178 

1.4298 

-17.81 

0.3()0H2 

0.240 

-1.4271 

1.02 

S.fHOHjO 

5.750 

1.7502 

-30.03 

1.0440j 

0.095 

-1.3039 

2.83 

47.000N, 

31.320 

3 4442 

-321.50 

(i5.044 = Mp 

43.340 = I‘ 


-305.97 =i:M/flnpp 


In a Biniilar manner the — MR In pp terms for the assumed values of '1\ are obtained 
with the following results: 


Assumed 

3800°R 

3!)00“H 

4000°H 

Ti = 5220 

. 

1079.4 

1097.2 

1114.5 

1310 7 

2M/j* In pp*. 

-132.4 

-133.7 

-130.0 

-300 0 

^2 . 

947 0 

91)3 5 

978.5 

aS’i -950.7 


* Tho (If'torrniiiation of the partial prcssuroh in utinohplifroh indicates that the values of J 
Table XXII are assumed to be the entrojiies at a pressure of 1 atm. J 


Plottiiif? the values of >^2 for the corresponding values of indicates a solution when' 
S 2 = at 3820°R. At this condition X 2 = 0.0297 and 1/2 — 0.0001. 

The work done in a non flow reversible adiabatic expansion is indicated by the 10nerg> 
Ktjuation for the j)rocess. 

TFout = (f/ + Hi - (U + 02 


Evaluating this equation for T2 = 3820°R and Ti = 5220®H, 


7\ = 5220®R 

T; = 3820°H 

Constituent 


Cl 

Constituent 

f 2 af 3.S20°K 

r 2 

1.728CJO 

O. 272 CO 2 

O.3OOH2 

8 .O 4 OH 2 O 

1.04402 

47 .OOON 2 

50,848 
340,087 
9,828 
365,551 

32,800 

1,367,600 

209,401 

37,248 

0.238CO 

7 . 702 CO 2 

O.O 55 H 2 

8 . 945 H 2 O 

O.I 40 O 2 

47 .OOON 2 

4,734 
281 ,372 
998 
244 ,344 
3,070 
922 ,503 

28,842 

5 ,(i92 

05.044 

2,166,720 

246,049 

64.142 

1 ,457,081 

34,534 
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Wout * (17 + C)i - (U + Os « 2,413,3.>9 - 1,491,615 

= 921,754 Btu/59.5 moles of air 
= 535 Btu/ll) of air 

Combustion Charts. —The foregoing combustion solutions neglected the 
dissociation of (> 2 , N 2 , and H 2 into their resp(*ctiv(' atoms and the formation 
of OH and NO. The inclusion of these constituiaits requirc's more rela¬ 
tionships, which complicates the aiialj^sis. The solution of problems 
dealing with CsHis or fuels having the same (or ueai’ly the same) carbon- 
hydrogen ratio when reacting with various percentages of required air 
has been simplified by the construction of diagrams, such as Chart I, 
from which the thermodjmamic properties of the equilibrium mixture can 
be obtained. The method* used to compute the points for these' diagrams 
is as follows: 

The four kinds of atoujs present (C, H, O, N) are arranged as C’02, H 2 O, O 2 , N 2 , 
CO, H 2 , OH, NO, H, and O in the e<iuili))riuni mixture. These 10 unknowns require 
10 relationships for their solution. If it is assumed that sufficient fuel and air are 
used so that the total inok's equal the total pressure at e(iuilibriuin, the moles of each 
constituent will roprescjnt its partial pressure at ecjuilibriunii. If A represents the 
total moles of air supplied per mole of carlion (7.438 for 100 per cent of recpiired air), 
0.79-rl = total inol(‘b of N- supplied per mole of C. Also, 9/8 = total moles of H 2 per 
mole of C. Thus, the following three relationships exist between C' and N 2 , H 2 and N 2 , 

and O 2 and N 2 , in which both the moles and the partial pressure of each constituent at 

equilibrium are represented by the bracketed term: 

£ ^ _1 ^ 1^ + [CX)1 

N 2 0.79A li\2l + 0.51NOJ 

H 2 _ H ^ [TI 2 O] 4- [IT 2 ] + Q.51IOH1 4- [HJI 

\2 0.79^1 IN 2 I -f 0.5[\OJ ^ 

O 2 1 _ [( 4 ) 2 ) + 102 ] 4- 0.5111120] -h [CO] -{- [Oil] + [NO] 4- [0]| 

N 2 “ 3.70 [N2] 4- 0.5[NO] ' 

Tlie fourth relationship is obtained from Dalton’s Partial Pressure Law. Thus, 

[(Ui 4- [TT 2 O] -h [02] 4- [N 2 ] 4- K^O] 4- [TI 2 ] 4- [Oil] + [NO] + [HJ 4 - [OJ = P (4) 

dlic remaining six relationships are obtained from the equilibrium ndationships 
(Table XXV, Appendix). 


Thus, 


(5) 

(6) 


[H] = VA 1 IH 2 ] 

(7) 


10] = 

(8) 


Herbey, R. L., J. E. Ebeuhardt, and H. C. Hottel, Thermodynamic Properties 
of the Working Fluid in Internal-combustion Engines, S.A.E. Jour., 39, 409 (1936). 
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lOHI - 

INOJ = 


Hubbtitutiiij? Kq. (5) in Eq. (1) and solving foi [CO], 

rrni - +0.5[NOll 

~ 0.79A|A':o[H2] + [H,0|| 


.Substituting Eqs (7), (9), ami (10) into Eq. (2) and solving for [HaO], 


( 9 ) 

( 10 ) 


( 11 ) 


[HaO] = 


- jUil - 0..5vOTf7] 


‘+“'Viffl 


1.58^ [Ha] 


( 12 ) 


Since NO appeals in small (luantitics even at high temperatures, the amount of Na 
in the pioducts vmU he piacticMlly the same as in the mi\tuie before the reaction. 
Hence, the Na may be estimated from the total piessuie and will vary from 0.707^ to 
0.7 3P for the range of tempeiatuies and an-fuel latios considered. 

Then, at the desired tenifK'iatuie, which fixers the vaiious K values, a value for [Ha] 
IS assumed. The higher the air-fuel ratio, the lower will be this value. Substituting 
the various values in hxp (12) determines the [HaO] This is followed by determinations 
of [NO] from Eq (10) and [CO] from Eq. (11). Then, values for [COi], [OH], 
IO 2 ], [H], and [O] can be cddained from Eqs. (5), (9), (0), (7), and (S), respectively 
The assumed value of [H 2 ] is checked by substituting the foregoing results in Eq 
(3), and the computations aie lepeaU'd with a dilleient value of [H 2 ] until a check is 
obtained. 

The total pressure* of the eriuihbrium mixtuieis determined from Eq. (4) Then, the 
total moles, pressure, and temperature being known, values for K, j&, C, //, and S can 
be determined foi the eipnlibiium mixtuie. 

Example.—Determine values of F, F, F, (\ and S at oOOO^E for the reaction between 
Cgllig and the chemicaliy correct amount of air. The total pressure of the equilibrium 
inixtuie at this temperature is to be about 30 atm. 

Nitrogen will be assumed to be 21.5 moles. Then, the following constants aie 
obtained for 5000°H from Table XXVI, Appendix, and the computations made as 
indicated above. 


[Nd = 21.5 moles 

0.79A = 5.876 
A'l = 0.00603 

As = 0 00276 


At = 0.00047 

As = 0.00174 
Aio = 6.547 

An = 0 000004 


0.79A 


4.116 


VAi.[Nj] = 0.00927 


1.58.A ' 


= 0.00089 
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[Ht] 

o.svicnn] 

Numerator, 
Eq. (12) 

0 . 54 /^ 

0.00089 

[Hd 

1 -f- 

1 lUd 

Denominator, 
Eq. (12) 

[Hrf)!. 
Eq. (12) 

0 14 

0.014 

3.962 

0.0558 

0.0064 

1 0558 

1.049 

3.777 

0.16 

0 015 

3.941 

0.0522 

0 0056 

1.0522 

1.047 

3.764 

0 18 

0 016 

3 920 

0 0492 

0.0049 

1 0492 

1.044 

3.755 

[lid 

[HaO] 

[H 2 ] 

[NOl. 

Eq. (10) 

[N 2 I + 0.5[NO] 

A'lofflil 

Numerator, 
Kq. (IJ) 

A'uoIId f [H2()1 

Denomi¬ 
nator, 
Eq. (11) 

0 14 

20 970 

0 250 

21 625 

0 917 

19 840 

4 094 

27 582 

0 10 

23 525 

0 218 

21 009 

1 018 

22 010 

4.812 

2S 275 

0 18 

20 861 

0 n)3 

21 597 

1 178 

25 441 

4 933 

28 986 

[Hd 

[CO], 

Eq. (11) 

[COKI 1 .O) 

fIM 

[CO..], 

Eq. (5) 

AMIliOl 

R.1IW)P 

[OH), 

Et,. (9) 

Ai[Ud 

0.14 

0 720 

19 42r> 

1 9()7 

0 000,’37 

0 1773 

0 121 

0 00081 

0 10 

0 801 

18 811 

2 S7S 

0 00055 

0 1511 

0 393 

0 00096 

0 18 

0 878 

18 316 

2 798 

0 00053 

0 1302 

0 3()9 

0 00108 

IHJ 

[Ill, 

Eci. (7) 

/ UhO] \. 

1 [Hd / 

l()2l. 

Eq ((>) 

A.[0 1 

lO], 

H(|. (S) 

Numerator, 
Eq. (3) 

N 2 -s- Oa, 
Eq. (3) 

0 14 

0 029 

727 9 

0 342 

0 000914 

0 031 

5 909 

3 06 

0 10 ! 

0 031 

553 1 

0 2(i0 

0 000718 

0 027 

'> 739 

3 77 

0.18 

0 033 

435 2 

0 205 

0 000500 

0 021 

5 013 

3 85 


Interpolating the results for a N 2 /O 2 ratio of 3.70, the ratio for these constituents 
in air, results in the value's listed as follows: 


Medium 

Quantity, 

moles 

Internal energy 

(^heinical energy 

Per mole 

Per 

quantity 

Per mole 

Per 

(juantity 

II 2 O... . 

3.705 

39 ,<S85 

1.50,167 



H,.. 

0.15S 

25 ,819 

4 ,079 

103,486 

10 ,351 

CO 2 . 

2.880 

51 ,305 

148 ,239 



CO. . , 

0.794 

27,907 

22,158 

121 ,181 

96 ,218 

02.. 

0.207 

29,616 

7,907 



H. . . 

0 031 

13 ,340 

414 

144 ,565 

4,482 

0 . 

0.027 

13,346 

360 

105,833 

2,857 

OH. 

0.390 

26,319 

10,422 

62,444 

24,728 

NO.. . 

0.221 

28,570 

6,314 

38,746 

8,563 

N 2 

21.500 

27,589 

593,164 



Sum. . . 

30.045 moles 

943 ,224 Btu 

1 . 53 ,199 Btu 


Substituting the moles of the various constituents in Eq. (4) results in — 30.05 atm, 
which checks the original [N 2 ] assumption. 
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Then, 


V « 


MRT 


30.05 X 1545 X 5000 
30.05 X 14.7 X 144 


3649 ft* 


Values of U and C from Tables XIX, XXIV, and XXV, Appendix, are used for 
evaluating U and C for the mixture of gases. 

The entropy of each constituent is equal to 

S = jcp ^ — Rlnpp So 

Values of fcpdT/T are obtained from Table XXII, Appendix. Using the partial 
pressures m atinospliei es for evaluating R In pp is equivalent to assuming that the 
data in Table XXll are the entropy values for each medium at 1 atm pr. This makes 
the basis for entropy the same as used for Chart I. Thus, the entropy of the pioducts 
IS evaluated as follows, including the AS of reaction to CO 2 and H 2 O (Tal)le XXV). 


Medium 

Moles M 
and pres- 
suie P 

f ,IT 

j'-T 


1 980 M 

In A/ = 

In pp 

MR In pp 

H 2 O 

3 765 

22 42 

84 411 

7 477 

1 3257 

9 912 

H,.. 

0 158 

27 35 

4 321 

0 314 

-1 8452 

-0 579 

CO 2 

2 880 

27 98 

80 750 

5 732 

1 0599 

() 075 

CO. 

0 794 i 

38 42 

30 505 

1 577 

-0 2307 

-0 364 

02 . 

0 267 

18 49 

4 937 

0 530 

-1 3205 

-0 700 

H 

0 031 

27 09 

0 840 

0 062 

-3 4738 

-0 215 

0 . . . 

0 027 

24.78 

0 669 

0 054 

-3 6119 

-0 195 

on .... 

0 396 

26 12 

10 344 

0 786 

-0 9261 

-0 72S 

NO 

0 221 

21 03 

4 ()48 

0 439 

-1 .5090 

— 0 663 

N 2 

21 500 

17 54 

377.110 

42 699 

3 06S1 

131 005 

Sum 

30 045 


598 535 



143 548 


S = SAf jcj.'Y - SMR In pp = 598.535 - 143.548 = 454.987 Btu/°R 

Total Nj = Nj + 0.5NO = 21.5 + 0.11 = 21.01 moles 
Total O, = N.! 3.70 = 21.01 3.70 = 5.75 moles 

Wt of an = 27 30 X 28.97 = 792.0 lb 

Dividing all the results by 792.0 lb provides values as follows for a mixtiue con¬ 
taining 1 lb of air before combustion: 

T = 5000°R 
P = 30.05 atm 
V = 4.61 ft» 

S « 0.574 Btu/°R 

These values check those obtained from Chart I, Appendix, at the same pressure 
and temperature. 


U = 1190 Btu 
C = 193 Btu 
U + C = 1383 Btu 
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Equal frachons before combushon 


8 


10 


The foregoing method may be used to develop combustion charts for 
other fuels and oxygen or air m various proportions. 

Variation of Temperature of Burned Fraction. —Hopkinson* was the first 
to call attention to an inherent variation in the temperature of the burned 
fi action in the constant-volume process. The fiist fraction of the charge 
to burn (Fig 107) expands and com¬ 
presses the unbuined ti actions as indi¬ 
cated by the jiath fiom 1 to 2 This 
displaces the second fiaction, to the 
position 2-5, and when it bums it com- 
piesses the fust burned fiaction from 2 
to 6, and the leniaming unbuined frac¬ 
tions fiom 5 to 7 

The last fi action of the charge after 
being compi esse d to 2 burns and expands 
along the line 2 3 In the meantime, 
the fust burnt d fiaction has betn com- 
prt'ssed along its 2 3 line. 

Since (f/i + Cl) is the same for all 
fiactions, the Eneigy Ijquations foi the 
fiist and last fractions aie 

1(( 1 + f l) — iW 2 + 2lT3]lst fraction 

~ J ^ 3)18! fraction ( 4 ) 

and 



[([^1 + r\) + 1 TF 2 — 2lF3|last fraction I lO 107- 
~ (f 3 “f" f 3 ) last fra tion (»^) 

On the assumption that Vz = Vi loi both fractions, 

2TF, > 1TF2 


The combustion process bv 
parts 


and (Us + (\) Ist fraction > + r.) last fraction (6) 

This inequality indicates that Ts is higher for the fiist fiaction than foi 
the last traction of the charge to bum Thi^ also indicates that Pi is 
higher tor the fiist fiaction than for the last fiaction if each occupies the 
same volume IIo^\(\('J, the jncfesuie is assumc'd to be the same, consc- 
c^uently, Vi foi the fust traction must be laigei than for the last fiaction, 
which also indicates that Ti is highcn for the fiist fraction than for the last 
fraction to bum Thus, the temperature of the products at the end of 
the constant-volume combustion process is highest at the point of ignition 
and lowest at the opposite end of the combustion chamber. 

♦Clerk, D , ^The Gas Petrol and Oil Engine,*’ p 191, John Wiley & Sons, Inc , 
New \ork, 1909 
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Example. —Determine the final temperature of the first and last fractions of the 
charge to burn in a const ant-volume combustion of a correct mixture of octane and air. 
Initial conditions are 100 Ib/in* abs and 1000®R. Divide the charge into 10 equal 
fractions with 1 lb of air in each fraction. Assume no heat loss. 

At 1000°R and 100 Ih/in® abs Chart H, Appendix, V =*3.75 ft®, U « 100 Btu, and 
C = 1278 Btu for the correct mixture of octane and air. On Chart I, Appendix, at 
V =3.75 ft® and f/ -f C = 1378 Btu, P = 535 Ib/in® abs. This is the pressure attained, 
assuming that all parts burn simultaneously instead of progressively. 

For the burning of first fraction 

(U + Oi = (f/ + C)2 + TTout 

The work out is that of compressing the remaining nine fractions of unburned charge 
from 1 to 2 (Fig. 107). The solution for condition 2 of the first fraction to burn is 
made as follows: 


Assume P 2 

130 Ib/in.* abs 

140 Ib/in.® abs 

150 Ib/in.® abs 

Ih unb, Chart H. 

115.8 

120.0 

123.8* 

1 

II 

c 

c 

142 

ISO 

214 

1378 - = ((■ + V)^ . 

123() 

1198 

1104 

Vol unb, C'hart H. 

3.05 

2.90 

2.77 

37.5 - 9ru„b = I'b . 

10.05 

11.40 

12.57 

\\ from P 2 and (V + r)*^, Chart I. . 

14.3 

13.2 

12.2 


* Those values are readily obtained from a plot of preseure vs. internal energy along a constant N line 
from the initial conditions. 


A plot of the two sets of values for \\ vs. P 2 indicates a solution at P 2 = 148 Ib/in.^ abs. 
At this condition {U -f r )2 = 1170 Btu. Compressing the burned fraction isentropically 
from this condition to the maximum final pressure of 535 Ib/in.* abs results in a volume 
of 4,1 ft® and a temperature of 5205° R. 

To determine the condition of the last tenth to burn, it will be assumed that the 
first 9 tenths burn simultaneously and compress the last tenth, which then burns and 
compresses the first 9 tenths to the final pressure. The Energy Equation for the 
burning of the first 9 tenths is 


9(r7 -I- Ch - 9(t7 + 02 + Wont 

s 

Dividing this energy equation by 9, the solution is made as follows: 


Assume P2 

400 lb/iii.« abs 

500 lb/in.2 abs 

000 Ib/in.® abs 

P 2 unb. Chart H . 

189 

200 

219 

{Vt - 100) /9 = TFoui/O. 

10 

12 

13 

1378 - F„ut/9 - (r + D, . 

1368 

1366 

1365 

Fb, Chart I. 

5.05 

4.05 

3.38 

37.6 - 9T'b = F„„b. 

-7.95 

1.05 

7.08 

Funb, Chart H. 

1.27 

1.07 

0.97 
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A plot of the two sets of values for V’unb vs. P 2 indicates a solution at P 2 * 503 
lb/in.* abs an^ U 2 = 207 Btu. Conipressing the burned 9 tenths isentropically from 
503 Ib/in.* abs and l> -f C = 1366 to the maximum final pressure of 535 Ib/in.* abs 
results in a (C7 + T) value per chart quantity of 13C0 Btu. The work of compressing 
the 9 tenths burned is 9(1390 — 1366) » 216 Btu. Then, the Energy Equation for 
the last tenth for the burning process is 

([/ 4. o* ~ Wont « (r/ + C), 
or (207 + 1278) - 216 = 1269 Btu 

At 535 Ib/in.* abs and r/ -f T = 1269 Btu, V = 3.62 ft* and T = 4790®R. Thus, 
the first tenth has a final temperature 475 F higher than the last tenth to burn. 
Actually, the final pressure will be slightly lower than 535 Ib/in.* abs, which is based 
on uniform temperature of the products of combustion, because of the effect of tem¬ 
perature variation on specific heats and dissociation. 

Effect of Volume Change during Combustion. —Movement of the piston 
during the first part of the combustion process in an internal-combustion 
engine decreases the volume and consequently 
results in a faster pressure rise than would occur 
with constant-volume combustion (Fig. 108). 

After top center the movement of the piston re¬ 
duces the rate of pressure rise until in most cases 
the combustion process ends with the pressure 
decreasing. 

The Energy Equation for the combustion 
process from the point of ignition to any point 
2 (Fig. 108) is 

(C/i + (\) + 1W2 = (U2 + (^2) + Qout ( 7 ) 

{Ui + Cl) is known from the conditions at ignition, 1 TF 2 can be obtained 
from the work anva on the P-V diagram if the process is reversible, and 
Qont niay be estimated, all of which provides a solution for (U 2 + C 2 ) and 
for the fraction burned. 

Example.—The correct mixture of octane and air is inducted into an engine. The 
clearance gases amount to one-ninth of the weight of the charge inducted. The con¬ 
ditions at ignition are 90 Ib/in.* abs and 1000°Il. Combustion proceeds and the piston 
moves until the pressure is 180 Ib/in.* abs and the volume is eight-tenths of the volume 
at ignition. Determine the amount of charge burned, assuming an adiabatic process. 

Assume that the total charge in the cylinder contained originally 1 lb of air. Then, 
from Chart H, Appendix, the volume at point 1 (Fig. 108) is 4.2 ft*. 

Then, 



Volume 


Fio. KjS.—A nalysis of part 
of the actual combustion proc¬ 
ess in an engine. 


V 2 = 0.8F, = 0.8 X 4.2 = 3,4 ft* 
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P rfF « 19 Btu, work in, from area on Fig. 108 

+ Cl = 100 + 0.9 X 1278 = 1250 Btu (Chart H, Appendix) 

Then, C/j + C 2 = 1250 + 19 = 1269 Btu 

Assurno that a represents the fraction of the total charge that has been burned up 
to point 2. Then, at P 2 and Si (Chart H, Appendix), 


U 2 for the unburned fraction = (1 — a)140 Btu 
V 2 for the unburned fraction «= (1 — o)2.5 ft^ 

C 2 for the unburned fraction = (1 — a) (0.9 X 1278) 
{U 2 + C 2 )uab = (1 - a) 1290 Btu 


For the burned fraction, 


Assume Tb at point 2 

4200 

4400 

4600 

Fburned at I\ aild 7 'b. 

9 7« 

10 Oa 

10 4a 

= 3 4 ft> = Vb + (1 - n)2.5 ft’ 

2.5-f-7.2a 

2.5 + 7.5a 

2.5 -f 7.9a 

0. . . 

0 125 

0 120 

0 114 

(U 2 + C 2 )b at P 2 and Y’b (Chart I) 

1022a 

1112a 

1210a 

or 

128 

133 

138 

(f/2 + r2)u.b - (1 - ^01290. 

1129 

1135 

1143 

r '2 + r, 

1257 

1268 

1281 


Plotting the values of U 2 + C 2 against Tb indicates a solution foi f ’^2 + C 2 at 1269 
Btu at Tb = 4410^1 and o = 0 120 


EXERCISES 

1 . a. Write the reaction equation for H 2 with 30 per cent excess air. 

5. Determine the air rociuired and the products in pounds and in cubic feet per 
pound and per cubic foot of fuel. Volumes of products are measured at 1*4 7 Ib/in ^ 
abs and 250 F. H 2 and air arc supplied at 14.7 Ib/in.- abs and 60 F. 

Ans. 39.4 lb air, 9 lb 1120, 2.4 lb O 2 , and 29 lb N 2 , 516 ft^ air, and 252 tf* H 2 O, all 

per pound of H 2 

2. The same as Exercise I except for CO instead of Ho. 

3. a. Determine the de\\-point temperature for the H 2 O produced in the H 2 -aii 

reaction for the chemically correct amount of air. Total pressure of the pioducts is 
14.7 Ib/in .2 abs. Ans. 163 F. 

6. Do the same for CTI 4 . 

c. Do the same for CgHis. 

4. a. Determine the percentage of CO 2 obtained by an Orsat analysis of the products 
of combustion of C with the chemicall> correct amount of air. Ans. 21.0 per cent 

b. Do t he same for CH 4 . 

c. Do the same for CgHis. 

d. Do the same for C 2 H 6 O. Ans. 15.1 per cent. 

5. a. Determine the heat value at constant volume of 1 mole of H 2 . The initial 
mixture temperature is 100 F. 




THE COMBUSTION PROCESS 


213 


b. Determine the heat value per cubic feet of H 2 at a pressure of 14.7 Ib/in.* abs 
and a temperature of 100 F. Ans. 301 Btu. 

6 . The heat value of gaseous ethyl alcohol at constant pressure and at 77 F 
IS reported as 606,204 Btu/inole. The latent heat of the fuel at 77 F is 18,216 
Btu/mole. 

a. Determine the choriiical energy for the CglTsOH + 3 O 2 reaction. 

b. Determine the constant-volume heat value for liciuid ethyl alcohol at 90 F. 

Ans. 550,505 Btu; 5<S7,354 Btu. 

7. A house-heating boiler uses C 12 H 2 C for fuel. The products of combustion leave 
the boiler at a temperature of 440 F. The air and fuel flow to the oil burner at a 
temperature of 60 F, the fuel being liquid. 1’he electric motor supplies 0.1 hp-hr to 
the oil pump and blower per 2 lb of fuel supplied. The boiler pressure is 20 lb/in .2 abs 
and water at a temperature of 170 F is suj>i)lied to the boiler. Assuming a loss of 
3 per cent of the chemical energy by heat transfer to the surrounding air, determine 
the amount of saturated water vapor supplied by the boiler per pound of fuel 
burned. 

8. Determine the con^itant-volume complete-combustion temperature of H 2 with 

the chemically correct amount of air, the mixture tempeu-ature being 520®H, and the 
total pressure before combustion being 100 Ib/in.^ abs. Ans. 5485®K. 

9. Determine the pressure after combustion for Exercise 8. Am. 898 Ib/in.^ abs. 

10. Solve Exercise S for constant-pressure combustion. Determine the volume after 

combustion per mole of II 2 . Ans. 1550°ll. 

11. Determine the constant-volume temperature of combustion for the Hi-air reaction 
considering chemical equilibrium. Initial conditions are 100 Ib/in.^ abs and 520°ft. 

a. Use the chemically correct amount of air. Ans. y = 0.93; T = 5040°H. 

h. r^e 50 per cent of the chemically correct amount of air. 

c. Use 150 per cent of the chemically correct amount of air. 

12. (laseous H 2 and O 2 in the chemically correct ratio and at a temperature of J40 F 
flow slowly into a combustion chamber at such a rate that the resulting pressure is 
500 lb/in.2 and the temperature is 4000°K, combustion with chemical equilibrium 
occurring in the chamber. The gases escafie from the chamber through a nozzle in 
which the pre.s.sure di ops to 14.7 Ib/in.^ abs in a reversible adiabatic process. Determine 
th(» heat loss during combustion and the jet thrust per pound of H 2 O escaping per 
second from the nn/zle. 

13. Solve Exercise 12, assuming complete combustion and evaluating the flow from 
the combustion chamber to the atii osphere in two steps: (a) from combustion tem¬ 
perature to upper limit of Mollier diagram for H 2 O, (5) from the upper limit of the 
Mollier diagram for lUO to the final pressure of 14.7 Ib/in.^ abs. Compare the result 
with that of Exercise 12 

14. One pound <vf air and the chemically correct amount of CgHis at a total pressure 
of 100 Ib/in.- abs react at constant pressure. Determine the conditions at the end of 
combustion. Use Chart I in the Appendix. 

15. The products of reaction of 1 lb of air and the chemically correct amount of 

CgHis are at a tempeiature of 5000°R and a pressure of 500 Ib/in.^ abs. Expansion 
occurs and the volume is increased to six times the original volume. Assuming that 
the path followed is described by the relation = const, determine the work done 

and the heat transfer for the process. 
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16 . HiO liquid at 210 F is pumped into a boiler and leaves at a pressure of 300 
Ib/in.* abs and a temperature of 500 F. The fuel supplied is coal which has the following 
analysis by weight: moisture, 0.147; ash, 0.073; S, 0.011; Hj, 0.043; C, 0.635; and 
Oj, 0.091. The heating value of the coal is 9700 Btu/lb. Assume complete com- 
l)Ustion occurs with 20 per cent excess air which is supplied at 100 F. The gases leave 
the boiler at a temperature of 440 F. cp of SO 2 gas is 11 Btu/mole. Radiation and loss 
in ash amount to 7 per cent of the heating value of the fuel. Determine the pounds 
of HjO supplied the boiler [xr jiound of coal fired. 



CHAPTER X 


INTERNAL-COMBUSTION ENGINE AND GAS-TURBINE 

PROCESSES 

ENGINE PROCESSES 

Classification of Processes. —The two principal engine processes are 
classified by th(' method employed for the ignition of the charge, i.e., 
spark or compression ignition. 

Spark-ignition engines induct (Fig. 109) or, if supercharged, have 
[)umped into the cylinders a combustible mixture of air and fuel. The 
mixture (including clearance' gases) is compressed in the cylinder and 


Trt Ex In Ex In Ex. In Ex. 



Induction Compression Expoinsion Exhaust 

Fic;. 109.—The four-stroke intcrnal-conibustion engine process. 


ignited whem the piston is approaching top-center position. In some 
cases the fuel is sprayed directly into the cylinder while the air is being 
inducted. These' ('iigines are termed fuel-injection—spark-ignition engines. 
With both methods of fuel introduction, combustion of the mixture occurs 
as the piston approaches and recedes from the top-center position. The 
pressures resulting from combustion make possible an appreciable work 
effect on the piston of the engine during the expansion stroke. The 
exhaust valve opens near the end of the expansion stroke, and the pressure 
in the cylinder drops rapidly to the exhaust pressure as products of com- 
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bustion are released from the cylnder. More of the products are exhausted 
during the exhaust stroke of the piston, but some remain in the clearance 
space and mix with the combustible mixture inducted during the following 
stroke of the piston. 

Comi)ression-ignition engines usually induct air only and compress the 
air and the small amount of clearance gases to a pressure and temperature 
sufficiently high to ignite the mixture resulting from the spraying of fuel 
into the cylinder as the piston approaches top center. The combustion 



Fig. 110.—The two-stroke internal-combustion engine process. 


process starts as a result of the effect of the temperature attained during 
compi-ession. The remaining parts of the process are the same as for the 
spark-ignition engine. 

The four strokes of the piston—induction, compression, expansion, and 
exhaust, for both of the foregoing cases—complete a cycle for the engine* 
mechanism, which has resulted in the term four-stroke engine or cycle. 
These engines have one power stroke per cylinder per two revolutions of 
the engine crankshaft. In other engines the exhaust and induction strokes 
are eliminated by having these processes occur while the piston is near 
the bottom-center position (Fig. 110). In such cases the exhaust valves 
are opened or the exhaust ports arc uncovered as the piston approaches the 
bottom-center position. This is followed by the opening of intake ports 
or valves through which the combustible mixturci or air flows into the 
cylinder. The cylinder and ports are designed so that the entering air or 
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mixture will drive most of the exhaust products out of the cylinder and 
provide it with a fresh charge of air or combustible mixture. Thus, only 
two strokes of the piston are required and this has resulted in the term 
two-stroke engine or cycle. 

While the mechanism of the internal-combustion engine undergoes a 
cyclic process, the mediums involved are not returned to the original 
condition of mixture and clearance products, and consequently do not 
undergo a cyclic process. Hence the method set forth in the chapter on 
Cycles cannot be applied to the actual internal-combustion engine process. 




Fig. 111.—P-F diagram of Air-Standard Fio. 112.— P-V diagrams of Air-Standard 
Otto Cycle. Diesel or comprcssion-ignition cycles. 

In the ideal analysis the spark-ignition engine is usually assumed to 
have constant-volume combustion at top-center piston position, and this 
engine has long been termed the Otto engine (Fig. 111). Constant- 
pressure combustion is usually assumed for the ideal analysis of low-speed 
compression-ignition engines, and these have long been termed Diesel 
engines (Fig. 112). However, high-speed compression-ignition engines are 
usually assumed to have a combustion process which in the ideal case, 
may be assumed to approach a constant-volume process to a limiting 
(maximum desirable) pressure, and a constant-pressure process for the 
remainder of the combustion process (Fig. 112). Actually, the P-V 
diagram of the combustion process for the high-speed compression- 
ignition engine is very similar to the actual diagram for the spark-ignition 
engine (see Fig. 116). 

Air-Standard Analysis.—The most elementary analysis of the internal- 
combustion engine process is based on the assumption that the medium is 
air only. The medium is compressed adiabatically and reversibly. Heat 
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is added to the air while the volume remains constant or while the piston 
moves, depending on the type of process desired. Adiabatic reversible 
expansion begins at the end of the heating process and extends, usually, to 
the original volume. Heat is then rejected until the medium is returned 
to the original condition. Thus, in the Air-Standard Cycle, the usual 
cyclic analysis may be employed. The analysis is simplified further by 
the assumption of constant specific heats. 

For the Otto-engine process (Fig. Ill), 


Then for a cycle. 


Qin = Mc\(Tz “ 7^2) 
Qout = Mcv{T ^ — Ti) 

Net TT = Qm - Qout 


Thermal eff = 


net work 



T. (T\ 

T^\T, T,-l) 


( 1 ) 

( 2 ) 

(3) 

(4) 

(5) 


For the adiabatic rcverHiblc expansion and coniprc'ssion processes, 


r, 


and, consequently. 



T 

^ (see page 73) 
I 2 


( 6 ) 

(7) 


Also, (V 1 /V 2 ) is the compression ratio, r. Hence Eq. (5) becomes 

Thermal eff = 1 — (8) 


Example.—Determine the air-slandard efficiency for the Otto-engine process witfi a 
compression ratio of 6 to 1. 

Thermal eff = 1 - « 0.512 


The air-standard analysis of the Diesel-engine process for slow-speed 
engines (Fig. 112) is based on constant-pressure heating and J esuits in 

Thermal eff = 1 - J (9) 

This expression may be manipulated into a form involving r, rep, and 
rexpj where rep is the volume expansion ratio for constant-pressure com¬ 
bustion and rexp is the adiabatic reversible volume expansion ratio. 
Obviously, 

r = Top X Texp 


( 10 ) 
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and the lower the value for Top the higher the value for r„p, and the higher 
the thermal efficiency will be for a given compression ratio r. 

The air-standard analysis for the Diesel-engine process for high-speed 
engines (Fig. 112) is based on constant-volume heating to the maximum 
desirable pressure, and constant-pressure heating from this point to the 
end of the combustion process. This analysis results in 

Thermal c« - 1 - ~ ^57^777) ' dD 

This expression may also be manipulated into a form involving r, rep, and 
Texp- Also, the higher th(i value for rexp the higher the efficiency will be 
for a given compression ratio r. 



V S S 


riG. 113.— P-V and T-S diagrams for the ideal (Itto-engine process with the actual mixture. 

Actual Process Analysis. —Goodenough and Baker* improved the inter¬ 
nal-combustion engine analysis by considering actual mixtures, clearance 
gases, variable specific heats, and chemical equilibrium. The computations 
are quite involved but are much simplified when charts such as those of 
Hottelf arc available for the actual mixture. 

All processes are assumed to be adiabatic, and only the combustion and 
release processes are irreversible. Such analyses result in thermal effi¬ 
ciencies about 30 per cent lower than obtained with the air-standard 
analysis, and these efficiencies can be reconciled with actual practice when 
the deviations b(‘tween assumed and actual conditions arc considered. 

Ideal Otto or Spark-ignition Engine Analysis.— The charge in the 
cylinder at the end of the induction stroke of a four-stroke engine (0 to 1, 
Fig. 113) consists of a clearance-gas weight fraction, /, and the fresh- 
mixture weight fraction, 1 — /. The pressure during the induction 
* Goodenough, G. A., and J. B. Baker, Univ, III, Eng. Exp. Sta. Bull. 160 (1927). 
t Ibtd., p. 205. 
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stroke is assumed to be the same as intake-manifold pressure. It is 
necessary to assume the clearance-gas fraction / which varies with com¬ 
pression ratio r and intake-manifold conditions, and also to assume the 
temperature of the charge at the end of the induction stroke. 

The pressure and temperature at the end of the induction stroke are 
the conditions for the beginning of the compression stroke, which process 
is solved by the use of the chart for the air-fuel ratio of the inducted 
charge. Then, 

T^comp = C /2 ““ (1) 

Example.*—Liquid octane and the chemically correct amount^of air at 60 F flow 
through a carburetor into the intake manifold and are inducted into an engine cylinder. 
The compression ratio is 6:1. The pressure is 14.7 Ib/in.® at the end of the suction 
stroke in the ideal normally aspirated case at sea level. It will be assumed that /, the 
clearance-gas fraction, is 0.036, that Ti of the charge is 100 F, and that the fuel is 
comjdetely vaporized at the beginning of the compression stroke. Determine the 
conditions at the end of the adiabatic reversible compression stroke and the work of 
compression. 

From Chart H, Appendix, at Pi « 14.7 and T\ = 560°R, S\ = 0.071, l/i =*9 Btu, 
and Vi = 14.3 ft®. 

Fjj = Vi/r = 14.3/6 = 2.38 ft® 

At Vi = 2.38 ft® and = ^2 = 0.071,-f/s = 108 Btu and P 2 » 165 Ib/in.* 

Then, Wcomp « 1/2 - C/i « 108 - 9 « 99 Btu 

The Energy Equation for the combustion process is 

(1 - f)C + f /2 = C /3 + C 3 (2) 

Knowing V 2 and C /3 + (\j the conditions at the end of constant-volume 
combustion can be determined from the combustion chart for the given 
air-fuel ratio. 

Example.—^Determine the conditions at the end of constant-volume combustion for 
the data in the previous example. For the given air-fuel mixture C is 1278 Btu. 

Then, C/, -h Cs = (1 - 0.036)1278 -f 108 = 1340 Btu 

On Chart I, Appendix, at 1^2 - 2.38 ft® and C/a + Ca = 1340 Btu, 

Si = 0.5165 and P* « 850 Ib/in.® 

The expansion process is adiabatic and reversible. Hence, S 3 = S 4 
(Fig. 113). The expansion process ends at V 4 = Fi, at which point P^ 
and C/4 + Ca can be determined. The work of expansion is 

TFexp = (C /3 + C 3 ) - (C /4 + Ca) (3) 

At the end of the expansion stroke the exhaust valve opens, the com¬ 
bustion products escape from the cylinder, and the pressure decreases 
theoretically to atmospheric. The gases remaining in the cylinder theo- 
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retically have expanded adiabatically and reversibly to the atmospheric or 
exhaust pressure. Consequently, the specific conditions of the combustion 
products that will remain in the clearance space at the end of the exhaust 
stroke are determined at Si and at atmospheric (or exhaust) pressure. 
These data provide a means for checking the assumed value of /, the 
clearance-gas fraction. Thus, F& is the specific volume of the clearance 
gases per chart quantity, and Fj is the volume of these gases retained in 
the clearance space. Consequently, 

/ = V,/Vi (4) 

Example. —Determine the conditions at the end of the adiabatic reversible^expansion 
stroke for the data given in the preceding example. Also check the value of f previously 
assumed. 

At Ss = 0.51b5 and F 4 - Fi « 14.3 ft^, 

U 4 + C 4 = 770 Btu and P 4 =* 103 Ih/in.^ 

Continuing the expansion on Chart I to the atmospheric pressure of 14 7 Ib/in.* 
results in Vi = 66 ft® and f/s + C's = 440 Btu at the same entropy. Then 

/ = Vi/Vi = 2.38/66 = 0.0361 
which checks the assumed / of 0.036. 

Usually / will not be checked on the first trial and data at point 4 need not be deter¬ 
mined until a chock of / and Ti has been accomplished. The value determined for / 
on the first trial should be used for the assumed value for the second trial. 

The pifeton pushes all but the clearance gases out of the cylinder during 
the exhaust stroke. This process is theoretically reversible and adiabatic 
and does not change the condition of the gases that remain in the clearance 
space. The work done by the piston on the gases during the exhaust 
process is 

TFexh = PaUVi - V 2 ) (5) 

The induction process in the normally aspirated engine occurs at 
atmospheric pressure in the ideal case. 

The work done on the piston during the induction process is 

TFind = PaUVi - V 2 ) (6) 

Thus, the work of the exhaust process equals the work of the induction 
process, and both may be eliminated in this case. 

The air and fuel flow into the carburetor and then through the intake 
manifold into the engine (Fig. 114) where the incoming fresh charge 
mixes with the clearance gases and does work on the piston. The Energy 
Equation for the induction process is 

(1 - /)[//air + (F/A) + fU, « PatmCFx - V 2 ) + Ul (7) 
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in which F/A is the fuel-air ratio and subscript a indicates the atmospheric* 
condition. The Ui obtained from this relation must check the value for 
the assumed Ti or a new value must be assumed and the solution repeated. 

Example.—Analyze the induction process for the data given in the preceding examples. 

The H for 1 lb of air at GO F for which the charts are constructed is 1033 28.97 - 

35.7 Btu (Table XIX, Appendix). 



Fig. 114.—Induction process for the spark-ignition intcrnal-combuslion engine. (The 
mixture in the carburetor and connection to the cylinder is assumed to remain constant from 
cycle to cycle and consequently may be disregarded in the analysis.) 


The fuel-air ratio is based on the stoichiometric relation between octane and air. 
Thus, from the molal relation in the reaction equation and the molecular weights, 


F 1 X 114 
A 59.5 X 28.97 


0.06G 


The latent heat of octane, is 17,730 Btu/mole at 77 F (Table XXIV, Appendix). 
The H for gaseous octane at 77 F is 1740 Btu/mole (Table XX, Appendix). Thus the 
H of liquid octane at 77 F is 1740 — 17,730 = —15,990 Btu/mole or —140 Btu/lb. 
The specific heat of liquid gasoline is about 0.5 Btu/lb. Cooling the liquid octane 
from 77 to GO F decreases its enthalpy to —148.5 Btu. 

Substituting these and other known data in Eq. (7) results in 

(1 - 0.036) (35.7 - 0.06G X 148.5) -f 0.036 X 440 

= 14.7 X 144(14.3 - 2.38)/778 + I7i 

or V\ *= 9.0 

which checks the value for U\ corresponding to the assumed T\. 


The net work of the series of processes is 

Net W = TFcxp — W^comp + TTind — W^exh 
* This might also be the condition in the air manifold leading to the carburetor. 


(8) 
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In the ide^l normally aspirated engine the last two work items are equal. 
The mean effective pressure is 


mep = 


net work 
displacement 


(9) 


The specific fuel consumption (sfc) is the pounds of fuel per horsepower- 
hour of work. One hors('power-hour is equivalent to 2544 Btu of work. 
Consequently, 


Fuel consumption 
Btu net work 


X 


2544 B tu __ fuel consumption 
hp-hr hp-hr 


Thermal cff = 


net work 

^supplied 


( 10 ) 

( 11 ) 


The combustion-engine process is not a cycle, and no heat is supplied. 
Consequently, it is customary to charge the engine with the constant- 
pressure heat of combustion of the fuel supplied. 


Example.—Dotcrniine the* mean effective pressure and the thermal efficiency of the 
combustion-engine process illustrated in the preceding examples. 

net work ((1340 - 770) 99] 778 , 

mep = - = 218 Ib/in.* 


(14 - 2 38)144 


, (1 - 0.03(1)0000 ,, 2544 /u . 

yfc = -^ ~r 0-344 Ib/hp-hr 

The constant-pressure heat of combustion of lujuul octane at 77 F (Table XXIV, 
Appendix) is 

2,3()S,0S9 - 17,730 ^ ^ ... 

^~— ^ O.Obb = 13b2 Htu/lb 


Thermal eff = 


net work 


471 


= 0.358 


Qp (1 - 0.03(>)13t)2 
This is about 30 per cent less than was obtained by the air-standard analysis (page 218). 


A similar analysis may be made assuming that sufficient heat is supplied 
the air-fuel mixture in the intake manifold to result in the vaporization of 
the fuel. The conditions in the intake manifold for the ideal case at sea 
k'vel would be atmospheric pressure and the minimum temperature 
required for complete vaporization of the fuel.* 

Ideal Diesel or Compression-ignition Engine Analysis.—The four-stroke 
Diesel engine inducts air which mixes with the clearance gases. This 
gaseous mixture is then compressed adiabatically and reversibly to a 
* See LightY, L. C., 'Internal Combustion Engines,” McGraw-Hill Book Company, 
Inc., New York, 1939. 
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temperature sufficiently high* to ignite the mixture resulting from the in¬ 
jection of the fuel. The Energy Equation for the compression process is 

[(1 - + /C/cJi + PTcomp = [(1 - /) V.ir + /C7cl]* (D 

Values for Tx and / are assumed as in the Otto-engine analysis. The 
condition at the end of compression is indicat ('d by the entropy of the 
mixture of gases since Si = S 2 for the process. 

The injection of the liquid fuel and the combustion process may be 
analyzed as one process. Assuming adiabatic constant-pressure com¬ 
bustion, the Energy Equation for this process is 

[M(f7 + C) + APyjfuel + [(1 ~ /)l/air + fUd], 

= Pa(V3 - V 2 ) + (U + n, (2) 

in which M is the fuel quantity in moles per (1 — /) lb of air inducted, 
AP is the ideal pressure difference in the injection pumpt, 

V is the specific volume of liquid fuel, 
and subscripts 2 and 3 indicate the conditions at the end of com¬ 
pression and combustion, respectively. 

Octane may be used as the fuel since the H/C ratio is nearly that of fuc'l 
oil. Also this assumption permits the use of the combustion Chart 1, 
Appendix, for the case of no excess air. The final pressure is the same 
as the compression pressure. Assumption of the final temperature (Ts) 
indicates the value of {U + C)^ and F 3 on the combustion Chart I, the 
correct assumption satisfying Eq. ( 2 ). 

The expansion and release processes may be solved in the usual mannei 
with Chart I, thus determining the work, clearance fraction /, and its 
energy content. The determined / must check the assumed / or the com¬ 
putation repeated with another assumption of the value of /. 

The Energy Equation for the induction process is 

[(1 - /)Paxr]man + fU, = Pi(Vx - V 2 ) + [(1 - /) ?7a.r + fU,l]l (3) 

The condition of the air in the intake manifold in the ideal case may be 
assumed to be 60 F and atmospheric pressure. The (aiergy content of 
the air and clearance gases at the end of the induction stroke^ must check 
that for the assumed Ti, 

The net work of the ideal normally aspirated Diesel-engine process is 
the difference between the sum of the works of combustion and expansion 
and the work of compression. 

Ideal Limited-pressure Diesel-engine Process. —^The analysis for this 

* Compression ratios may range from 8:1 to 20:1. 

t The injection pressure may var> from about 2,000 to 20,000 Ib/in.*, while the fuel 
supply pressure is not much above atmospheric. Hence, the injection pressure may be 
used for AP without introducing appreciable error. 
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process is the same as that for the previous process, with the exception 
that Ps is limited to some pressure that may range between 700 and 
1,500 lb/in.2 

Effect of Compression Ratio. —^The effect of compression of the charge in 
the internal-combustion engine is to increase the temperature and pressure 
before combustion occurs. The higher the compression ratio, the higher 
will be the temperature at which combustion starts, and the higher will 
be the temperature of the products after combustion. Carnot’s principle 
indicates that the availability of the 
energy in the products after combustion 
will be higher with the higher tempera¬ 
ture accompanying higher compression 
ratio. However, the increase in maximum 
temperature after combustion is not as 
much as might be anticipated because of 
the effect of increase in specific heats and 
dissociation at high temperatures. Also, 
in actual practice higher combustion 
temperatures increase the heat-transfer 
loss. Consequently, it appears that the 
higher combustion temperatures are not 
primarily resjionsible for the increase in 
work and efficiency when the compression ratio is increased. 

The expansion ratio in the ideal Otto engine is the same as the com¬ 
pression ratio. An increase in expansion ratio increases appreciably the 
amount of work obtainable in an engine. Thus, higher compression 
ratios, while increasing the availability of the energy liberated because of 
higher maximum temperatures, make possible' the transformation of more 
of the energy liberated into work because of higher expansion ratios. 

Energy liberated during the expansion stroke is liberated at a piston 
position which permits a lowe'r expansion ratio than if liberated at top- 
center piston position. Consequently, the ideal Otto engine with con¬ 
stant-volume combustion is more efficient than the Diesel engine for the 
same compression ratio, since in the Diesel engine the energy is liberated 
at a piston position indicating a lower mean expansion ratio. 

The thermal efficiency of an ideal adiabatic engine process (Figs. Ill 
to 113) is 

ne t work __ (U + C)i —{17 + C) 

Qp Qp 



ard Otto and constant-pressure Diesel 
processes with the same compression 
ratios 


Thermal eff = 


(4) 


Comparing the air-standard Otto-engine process with the air-standard 
constant-pressure Diesel-engine process, both processes have the same 
charge energy at 2, namely (U -f C)^ (Fig. 115). 
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At point 3D for the Dicsel-enginc process, the charge energy will be 

(17 ”h ~ (t7 C^)2 2W^3I> (5) 

At point 30 for the Otto-engine process the charge energy will be 

{U + C)30 = (t/ + 0)2 - 3W^30 (6) 

Obviously, if points 3D and 30 were identical, 31^30 would be greater 
than 2 W^D and {U + C)^o would be less than {U + C)iD- Hence point 
30 must be at a lower volume than 3D as indicated. Then, {U + C)ad 



Fig. 116.— P~V diafi;raiiitii for illustrating tho effect of variations in comimsfion on the efficiency 

of the Otto-engme process 


is highei’ than {U + C)\o and from Kq. (4) the Otto-engine process is 
inherently more efficient than the Diesel-engine process for the same 
compression ratio. 

The same method may be used to prove that increasing the comi)ression 
ratio increases the thermal efficiency. 

Ignition and Injection Timing.—^^The combustion process requires an 
appreciable amount of time. Hence, it is necessary to ignite the charge 
(or begin fuel injection in the Diesel engine) before the end of the com¬ 
pression stroke in order to obtain the highest mean exi)ansion ratio for 
the products of combustion. Combuvstion of fuel before and after the 
end of the compression stroke occurs at piston positions where only lower 
than ideal cycle expansion ratios are possible. If all the fuel burned 
instantly at the point of ignition (/, Fig. 116) the path followed after 
ignition would be IJKJL, If all the fuel burned at the point of ignition 
but during the expansion stroke, the path followed would be I2IJL, the 
net result being the same amount of work, which is obviously less than 
that For the ideal or actual processes since the energy value at L is greater 
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than that at 4' or 4. The actual process follows the path /2'3'4', and 
point 4' indicates less work than that for the ideal process. 

The optimum spark advance (or injection advance) results in the 
maximum work which is obviously less than the work of the ideal process. 

Fuel-air Ratio. —Maximiun work is obtained from mixtures containing 
more than the chemically correct amount of fuel because of the possibility 
of complete consumption of the oxygen in the charge. Similarly, minimum 
specific fuel consumption is obtained from mixtures containing more than 
the chemically correct amount of oxygen because of the possibility of 
complete consumption of the fuel in the charge.* Charts for rich and lean 

I I H 



V V 


Fig. 117.—P-F diaKrams of ideal throttling and supercharging Otto-engine processes. 

mixtures have' been prepared and facilitate the analysis of engine processes 
with th(\se mixtures. 

Throttling.—Most spark-ignition engines are controlled as to speed and 
output by throttling the charge inducted into the engine cylinder. The 
Energy Equation for the ideal induction process is the same as Eq. (7), 
(page 221), Pi being lower than atmospheric. At the beginning of the 
process some of the clearance gases flow into the manifold as the intake 
valve opens,! thereby reducing the cylinder pressure to that of the induction 
stroke which is assumed to be constant at Pi. The compression, com¬ 
bustion, and expansion processes are analyzed as before. The net work 
of the entire ('iigine process is the algebraic summation of the various work 
effects. Thus, from Fig. 117, 

Net work = — 1 W 2 ) — (oTFg — tTFi) (1) 

The work area 1-2-3-4-1 for the ideal throttled case is smaller than the 
same area for the ideal unthrottled case but the ideal efficiency based on 
this area is not changed appreciably. Consequently, the pumping-work 

♦ Ibid,, p. 223. 

t Unless intake-valve opening is appreciably later than top-center piston position. 
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area 6-6-7-1-5 caused by throttling reduces the ideal thermal efficiency. 
Also, throttling increases the clearance-gas fraction which dilutes the 
smaller amount of charge inducted and results in slower burning. This 
necessitates earlier spark advance for optimum results and also reduces the 
thermal efficiency. 

Theoretically, more dilution with clearance gases results in a lower 
maximum temperature, and this tends to increase the efficiency because 
of the effect of lower mean specific heats. However, more dilution 
necessitates the use of richer mixtures to obtain regular ignition of the 
charge, and the foregoing effect is more than offset by the additional fuel 
requirement. 

Supercharging. —The output of combustion engines is increased by 
supercharging, which is merely forcing more air or mixture* into tlu^ 
engine than could be normally aspirated. Superchargers are usually 
steady-flow compressors which may be of the positive displacement ty])e' 
or of the centrifugal or axial type. The method for analyzing these 
processes is illustrated in the chapter on Processes. 

Assuming that liquid fuel is sprayed into the air entering a super¬ 
charger, the Energy Equation for an adiabatic supercharger process is 

+ {F/A)Hu^ + W = [Ih.r + {F/A)H vap 

In the ideal frictionless case the entropy of the mixture remains constant. 
The initial atmospheric condition of the air and fuel, and the discharge' or 
manifold pressure (the total pressure), arc usually known. Hence, the 
solution of Eq. (1) is made by assuming the fuel to be vaporized at dis¬ 
charge conditions, and also assuming various values for T 2 until S 2 
equals #Si.t 

The Energy Equation for the induction process for the engine cylinder is 

(1 ~ /) + (/^/A)//vapor],,,„ + /t/cl = (2) 

Using 1 lb of air and F/A ratio of 0.066 permits the use of the com¬ 
pression and combustion charts (Appendix) for the remainder of the 
process. Some of the work of supercharging is reclaimed in the engine 
as indicated by the work area 6-7-1-5-6 (Fig. 117), which is added to 
the ideal work area 1-2-3-4-1 to obtain the net work of the engin(‘ proc('ss 
alone. Subtracting the work of supercharging results in the net work ol 
the engine-supercharger combination. 

The analysis of the engine-supercharger process may be simplified by 

* With fuel injection the fuel may be injected into the engine manifold during the 
induction or compression process. 

t This problem is complicated if condition 2 is not such that the fuel is completely 
vapuiized or superheated. 
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BiSSiiixiin^ ^hditi sufficiGnt lic&ity is sicidGci to tliG fuGl-ftir mixturG during or 
before induction into the supercharger to result in complete vaporization 
of the fuel before compression in the supercharger. In this case the 
mixture chart, H, Appendix, may also be used for the supercharger process. 
However, this assumption results in higher mixture specific volume and 
less supercharging for the same discharge pressure compared to the case 
of liquid fuel entering the supercharger. 

The use of a centrifugal or axial steady-flow supercharger introduces an 
inherently irreversible process,* with an accompanying increase in entropy 
of the medium during the process. The work of supercharging is appre¬ 
ciably more than that required for the adiabatic reversible j^rocess attaining 
the same discharge pressure. The ratio, between the adiabatic reversible 
process and the adiabatic irreversible process is about 0.70 and is com¬ 
monly known as the adiabatic efficiency of the supercharger. Thus, 
referring to Fig. 67, 


y = 


Hs - Hi 

Hz - Hi 


(3) 


Usually, air only is considered in determining the adiabatic efficiency, 
although the same method may be applied to a mixture undergoing th^ 
sujiei'charger process. 

Detonation-limited Operation.—The increase in compression ratio that 
r(\sults in an increase in output and thermal efficiency, and the increase in 
supercharge that results principally in an increase in output, are limited 
by the i)henonienon of detonation of the last part of the charge to burn. 
The phenonu'non of detonation depends on such items as fuel character¬ 
istics, combustion-chamber design, air-fuel ratio, compression ratio, and 
operating conditions. Incipient detonation for a given engine, fuel, 
fuel-air ratio, and operating speed, is indicated by the end-mixture 
condition.t This is the temperature and density of the last part of the 
charge to burn. Thus, continuing the compression process from 1 to 2 
(Fig. 113) up to the maximum pressure attained during the combustion 
process indicates the end-mixture condition. Various combinations of 
manifold pressure and temi)erature, for a given air-fuel ratio, will result 
in incipient detonation for a given engine and set of operating conditions. 
The corresponding end-mixture conditions for incipient detonation are 
determined as indicated in the foregoing. A plot of the end density vs. 

* This 18 also the case with the Root type of blower which permits air from the 
discharge line to flow into the blower and compress the inducted air to the discharge 
pressure before the rotors discharge the air. 

t lioTHROCK, A. M., and A. E. Bierman, Nat Advisory Comm, Aeronau,^ Rept 655, 
1939. 
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end temperature indicates the maximum end-mixture conditions above 
which detonation will occur for the given engine and operating conditions. 

The analysis for detonation-limited operation is the same as previously 
set forth. For any chosen compression ratio a manifold pressure is assumed 
and the engine process analyzed. After the assumed / and Ti (or C/i) 
have been checked, the end-mixture condition is determined. If the end- 
mixture condition is above the incipient detonation end-mixture curve, a 
lower manifold mixture is assumed and the computations repeated until 
the end-mixture conditions check those for incipient detonation. 

Obviously, low compression ratios will permit high manifold-mixture 
pressures (high supercharge) while high compression ratios will require 
throttling to prevent incipient detonation. 

TURBINE PROCESSES 

Elementary Gas Turbine. —The elementary gas turbine requires a com¬ 
pressor (Fig. 118) which inducts air from the atmosph('re and comi)resses 


Fuel in 



T 



S 


Fig. 118.—Apparatus and TS diagrams for an elementary ideal ga>s-turbino process. 


it to the desin'd discharge* j)i (*s.sur(’. The dischai g(*d air flows to the burner 
into which the desired amount of fuel is inj(*ct(*d and burned at com¬ 
pressor discharge pressure in the id(‘al case Low fuel-air ratios an* used 
since the maximum temp(‘rature permitted by turbine materials is 
about 1500 F. 

The products of combustion, which include a large percentage of 
excess air, expand in the turbine, do work on the rotor, and are exhausted 
at atmospheric prcwssurc*. The* work obtained from the ideal turbine, 
assuming negligible kinetic eiu'igy effects, is the difference of the enthalpies 
of the mt*diums before and after the process. Thus, 

W turb ~ (//a II (1) 

The work required by tin* ideal compressor, assuming negligible kinetic 
energy effects, is 

IFoomp ~ {JH .2 ““ Ii\)s 


(2) 
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The Energy Equation for the combustion process is 

MfCf+oj + MrHr + * {MMa\ + CMpHp), (3) 

in which subscripts a, F, O 2 , p, and S indicate air, fuel, oxygen, products of 
combustion and entropy, respective ly. 

The efficiency of the process is 

j,ff-- (4) 

in which Qp is the heat value of the fuel. 

The fuel-air ratio by weight is 

F/A == (Mvm¥)/{Mama) (6) 

in which m is the molecular weight. 

The T-S diagram for the entire process is divided into two parts: one 
for the air flowing through the compressor, 
and the other for the mixture of products 
of combustion and excess air flowing 
through the turbine. Both the reaction p ' \ 
and mixing processes influence the en- 
tropy of the mixture that flows through 

th(‘ turbine so that the i)ressure lines on - ^ 

th(‘ two parts of the T-S diagram would -—i-- 

not coincide with each other if the same ^ 

(nitropy scale were used for both. How- tary ideal gas-turbine process. 
(»v(*r, they have been placed in this posi¬ 
tion to illustrate the proct'ss with air only as the mc'dium, having heat 
transferr(‘d into tlie medium instead of the reaction Ix'tween part of the 
air and the injected fuel. 

The pressure-volume diagram for the ideal gas turbine process (Fig. 119) 
consists of two isentropics (1 to 2 and 3 to 4) connected by the constant- 
pressure combustion process (2 to 3) at th(' high-pr(‘ssure ends, the other 
ends being located at atmospheric pressure. If it is assumed that the 
hc»at is transferred to the air from an outside vsource of heat instead of by 
reaction between fuel and jiart of the air, it would be possible to cool the 
air from turbine exhaust condition to compressor inl(»t condition (4 to 1), 
and thus make the gas-turbine process a cycle.* This cycle has been 
known for years as the Bray ton cycle. 


Aim.— 


Fig. 119.— P-V diagram for elemen¬ 
tary ideal gas-turbine process. 


* This cycle has been proposed with the system sufficiently charged with air or some 
inert medium so that the lowest pressure of the cycle would be appreciably above 
atmospheric. This would reduce the size of apparatus required for a given output. 
In this case regeneration (Fig. 120) is used and a precooler is inserted at the compressor 
entrance to reduce the work of compression. 
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The air-standard analysis of this Brayton cycle results in the same 
expression for the thermal efficiency of the cycle as was obtained for the 
Otto cycle, i,e,y 

Thermal eff = 1 — (6) 

where r is the volumetric compression ratio (F 1 /F 2 ). 

Regeneration of Turbine Exhaust Energy.—The gases are exhausted 
from the turbine usually at a temperature appreciably higher than the 
temperature of the air leaving the compressor. This permits the use of a 
heat exchanger or regenerator (Fig. 120) to transfer some of the energy 
from the exhaust gases to the compressed air before entering the burner. 




Fig. 120.—Apparatus and T-S diagrams for an elementary ideal gas-turbine process with 

100 per cent regeneration. 


This reduces the amount of fuel requii-cd to attain the maximum per¬ 
missible turbine inlet temperature and consequently increases the thermal 
efficiency of the unit. 

The maximum amount of heat that can be transferred in the counterflow 
regenerator occurs when the temperature of the air is heated to turbine 
exhaust temperature. In this case the temperature of the exhaust gases 
leaving the regenerator will be slightly above the compressor discharge 
temperature, because of the difference in specific heats of the turbine 
exhaust gases and air for the same temperature range. This case is 
designated as 100 per cent regeneration. If 50 per cent of the maximum 
possible amount of heat is added to the compressed air, the process is 
designated as 50 per cent regeneration. 

The amount of heat transferred in the regenerator, assuming negligible 
KE effects and no heat loss to the surrounding atmosphere, is 

Q = Mair (H., - Hi) = M^rod (fh - H,) 

from which Te may be determined. 


( 7 ) 
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Two-Stage Compression, Intercooling, and Regeneration .—The work of 
compression may be reduced by two-stage compression and intcrcooling 
(Fig. 121), Usually cooling fluids at a temperature lower than the 
atmosphere are not available and 100 per cent or perfect intercooling is 
ordinarily the maximum attainable. It has been shown in the chapter on 
Cycles that the reduction in work of compression with perfect intercooling 
is a maximum when the receiver pressure is 

Pr = VPi X Pi (8) 

It was also shown that the adiabatic reversible compression process 
results in the same temperature rise in both stages and that the pressure 
ratio ill both stages is the same. 



Cooling Produefs out 



Fig. 121,—Apparatus and T~S diaRram for an ideal gas-turbine process with two-stage 
compression and perfect intercoolmg and 100 per cent regeneration. 

Although two-stage compression with interceding increases the net work 
obtained from the entire process, more energy must be supplied the air 
discharged from the compressor to increase its temperature to turbine 
inlet conditions. Inspection of the T-S diagram in Fig. 121 indicates that 
the introduction of intercoolmg necessitates the use of regeneration or the 
thermal efficiency would be less than that of the elementary process with 
single-stage compression. 

Example.—A gas turbine operates with a pressure ratio of 4 to 1. The compression 
process is divided into two stages with best receiver pressure and perfect intercooling. 
Atmospheric air at 60 F is inducted into the first stage of the compressor; 100 per cent 
regeneration is assumed. Determine the net ideal work and ideal thermal efficiency, 
using air as the medium in the turbine and assuming a turbine inlet temperature of 2000®R. 

Best receiver pressure = V 4 X 1 = 2 atm 
jC p'y at 60 F + /? In2/1 = 0 + 1.377 = 1.377 (Table XXII) 

/ ilT 

Cpy- at P, and T, (Fig. 121). From Table XXII, T, » 634°R. 
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In a similar manner T at ^S>i and Pa is determined to be 771®R, and Ty is determined 
to be 1406°R. Using data from Table XIX, 

Work of compression = (Hy — Hi) -f {Ha — Ha) =* 2(1826 — 1033) 

= 1586 Btu/mole of air 

Work of expansion ^ H^ — Hy ^ 12,059 — 7413 = 4646 Btu/mole of air 
Net work « 4646 — 1586 = 3060 Btu/mole of air 
Heat supplied * — //s == 12,059 — 7413 — 4646 Btu 

Ideal thermal eff = 3060/4646 = 0.66 


Without Interoooliiig or Regeneration 


Ideal thermal eff = 


464(> - (2787 - 1033) 
12,059 - 2787 


2892 

9272 


0.312 


With Interoooling Only 

Ideal theriiiul eff 12,059 - ]S2li 10,233 

All these thermal efficiencies are much higher than can be attained in practice because 
of compressor and turbine efficiencies that have been assumed to be 100 per cent and 
also because of the assumption of no pressure drop through the intercooler, burner, 
and regenerator. 


CooHm 

fluid 




Fia. 122.—Apparatus and T-N diagrams for an ideal gas-turbine process with two-stage 
compression and perfect intercoulmg, two-stago expansion with reheating, and 100 per cent 
regeneration. 


Two-stage Compression and Expansion, IntercooUng, Two-stage Com¬ 
bustion and Regeneration.—The work of the turbine may be increased 
appreciably by expanding the gases in two stages and reheating the gases 
between the two stages up to the maximum possible turbine inlet tem¬ 
perature (Fig. 122). The reaction equation for the second-stage com¬ 
bustion process is 

WCf+o, + (M+ (Jlfp/Zp), = (Ma7/.), -t- (ifp'^p)g (9) 
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in which the prime indicates the quantity for the second-stage com¬ 
bustion process and subscripts F, a, and p indicate fuel, air, and products, 
respectively. 

Considerably more energy of the turbine exhaust gases is regenerated in 
this case than in one-stage expansion, since the exhaust temperature is 
appreciably higher than for single-stage expansion. 

High-pressure Gas-turbine Processes. —All the foregoing gas-turbine 
processes are operated usually between a low pressure of atmospheric and 
a high pressure in the range of 4 to 8 atm. The closed system mentioned 
in the footnote on page 231 is operated at high('r pressures. Another 
system operates at high pressures by utilizing an auxiliary turbine to drive 
a compressor which pumps air at its discharge pressure into a burner in 
the main system^ Fuel is injected into the air and burned to heat the 
medium in the main system. Some of th(* total medium passing through 
the burner is bled from the system to operate the auxiliary turbine and 
compr(\ssor. 

Friction and Kinetic-energy Effects. —The actual processes in the com¬ 
pressor and turbine are not r(‘versible isentropics as assumed for the ideal 
cases, but are friction process(‘s which result in entropy increases. These 
effects are introduced by effici('nci(\s. Thus, 


Compressor eff = 


ideal AH 
actual AH 


( 1 ) 


and 


Turbine eff = 


actual A// 
id(‘al AH 


( 2 ) 


Both of these efficiencies are usually in the range of 0.70 to 0.85, the 
upper limit indicating exc(‘llent performance. 

Pressure drop occurs in the burner and heat exchangers because of 
friction and momentum effects. See Chap. XL 

Turbines have leaving losses because of high exit gas velocities. See 
Chap. XI. 

Combustion Chart for Low Fuel-air Ratios. —^The maximum possible 
p('rformance of gas-turbine processes using air only, or air and fuel, is 
rc'adily computed by the use of Chart J, Appendix. This chart is con¬ 
structed for the quantity of air and fuel that results in 1 mole of products 
including the excess air. This quantity of fuel-air mixture which varies 
with fuel-air ratio is termed the chart quantity. 

Values of jcpdT/T^ H + C for the fuel-air mixture, and // of the products 
have been plotted in Chart J for various excess air values. The fuel 
supplied is assumed to be liquid dodecane at 60F. The /cpdr/Tlincsare 
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used in the customary manner to determine the conditions at the end of 
the compression and expansion processes. 

Example. —Solve Exercise 15 at the end of this chapter for a pressure ratio of 10 to 
1 and a maximum temperature of 2000°R, by using Chart J (a) assuming the medium 
to be air only, (6) using the actual fuel-air mixture and products therefrom. 


Air-cycle Analysis 

At 60 F (Chart J), the fcpdT/T is 0, which is the value for Si. Then, 

^^2 at Pi and T 2 = Si + R MP^/Pi) = 0 + 4.57 = 4.57 

The intersection of the *^’2 entropy line and the all-air line indicates 093®R for Tz. 
Also, the intersection of the T\ and Tz lines and the all-air enthalpy line indicates 1033 
and 4340 Btu/mole of air for //j and 7 / 2 , respectively. 

At 2000®R, Hi is 12,070 Btu, and JcrdT/I" or Si is 9.87 Btu/°R per mole of air. Then, 

^4 at Pa and 7\ = S 3 - R hiiPz/Pi) = 9.<S7 - 4.57 = 5.30 


At this value for S 4 , Ti is 1103°R and 7/4 is 5120 Btu/inole of air. 


Then, Work of expansion = /7s — H* = 12,070 — 5120 = G950 Btu 

and Work of compression = //a — //i = 4340 ~ 1033 = 3 307 IRu 

Net work = 3643 Btu/niolc of air 
The Q supplied = //t — //a == 12,070 — 4340 = 7730 Btu, and 


_ net work _ 3643 
Qu. 7730 


0.471 


This efficiency is about 2 per cent lower and the work value of 3643 Btu/mole of air 
is about 8 per cent higher than that for the Air-Standard Brayton (^cle for the same 
pressure ratio. 


Actual Mixture Analysi.s 

T 2 is 993°R as in the air cycle analysis since only air is compressed. Also R InfPa/Pi) 
= 4.57 as before. 

The 2000°R line intersects the 200 per cent excess-air line at an H value of about 
12,420 Btu. The intersection of this 7/ line and the 993®R line indicates a first approxi¬ 
mation of the excess-air value of about 345 per cent. Again, the intersection of the 
2000®R line and the 345 per cent excess-aii line occurs at a value of about 12,320 Btu, 
which indicates, as explained before, an excess-air value of 3.50 per cent. Thus, this 
trial-and-crror solution for the excess-air value converges very rapidly to a solution. 

Si at 2000°R and 350 per cent excess air is found to be about 10.07. Hence, N at 
Pi and Ta is 10.07 — 4.57 or 5.50. The intersection of this entropy line and the 350 
per cent excess-air line indicates that Ta is 1118°R. The intersection of the Ta line 
and the 350 per cent excess-air line indicates an Ha value of 5360 Btu. 

Hi and Hi are the same as for the air-cycle analysis, but the moles of air per mole of 
products is 0.984, as indicated at the upper end of excess-air lines in the lower part of 
Chart J. 

Then, Work of expansion « //s - Ha = 12,320 - 5360 * 6960 Btu 

and Work of compression « M(Hi ~ Hi) = 0.984(4340 - 1033) « 3254 Btu 

Net work « 3706 Btu 
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The high heating value for the amount of fuel used is 8650 Btu as indicated by the 
intersection of the 350 per cent excess-air line and the high heat value line. Then, 


Eff 


3706 

8650 


0.428 


This efficiency is about 11 per cent lower than that of the Air-Standard Bray ton 
Cycle for the same pressure ratio and about 10 per cent lower than computed for the 
air-cycle analysis. 

The fuel-air ratio for the chemically correct mixture of dodecane, or CJ'/j.i 67 n is 0.068. 
Then for 350 per cent excess air 


F/A = 0.068/4.50 = 0.0151 

Since 0.084 mole of air is reciuircd per mole of products, the net work per mole of 
air supplied is 3706/0.084, or 3766 Btu. This is about 12 per cent more work than 
obtained with the Air-Standard Bray ton Cycle and about 3 per cent more work than 
obtained in the actual air-cycle analysis, all for the same pressure ratio. 


EXERCISES 

Most can be accomplished in many of these exercises by assigning each student a 
different value for the principal variable such as compression ratio, and plotting the 
results of the various parts of the solutions. 

Jnternnl-cowhustim Engines 

One of exercises 7, 8, 0, 12, and 13 should prove sufficient practice in this work, 
r.ince all are long and are solved in a similar manner. 

1. Compute the air-standard thermal efficiency for the Otto-erngine process with 
various compression ratios, and filot efficiency vs. coinjiression ratio r. 

2. Compute the mean eff(*ctive pre.ssures for each compression ratio used in Exercise 
1 and plot the mean efh'ctive pres,‘^ure vs, r. Assume that the heat supplied is equal 
to that liberated by the reaction between octane and the chemically correct amount of air. 

3. Transform tlie expression for the thermal efficiency of the con.stant-pressure 
Diesel-<*ngme proces.s into an expression containing the various expansion ratios. 

4. C'ompute the air-staiidarii thermal efficiency and mean effective pressure for the 
const ant-pre.ssure I lie.sel-engine process with various compression rates, and plot 
efficiency and mean effective pressure vs. r. Use both 50 and 100 per cent of maximum 
heat supplied as indicated in Exerci.se 2. 

5. The same as Ixxercise 3 but for the limited-pressure Diesel-engine process. 

6. Compute the air-standard thermal efficiency and mean effective pressure for the 
limited-pressure Diesid-cngine process with various compression ratios and plot the 
efficiency and mean effective [)res.sure vs. r., Use the maximum heat supplied as 
indicated in Exercise 2, and solve for 25, 50, and 75 per cent heat supply at constant 
volume. Use 1000 Ib/in.® abs as the limiting pressure. 

7. (Compute the ideal thermal efliciency, mean effective pressure, and specific fuel 
consumption for the Otto-engine process with various compression ratios and plot 
efficiency vs. r. Liquid octane and the chemically correct amount of air at 60 F are 
flowing to the carburetor. Compare the results with those of Exercises 1 and 2. 

8 . Compute the ideal thermal efficiency, mean effective pressure, and specific fuel 
consumption for the Diesel-engine procefes with const ant-pressure combustion for 
various compression ratios and plot efficiency vs. r. Liquid octane at 60 F is supplied 
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the injection pump. The temperature of the air supply is 60 F. Injection pressure is 
6000 Ib/in.* Compare the results with those of Exercise 4. 

9 . Solve Exercise 8 for a limited-conibustion pressure of 1,000 Ib/in.* Compare the 
results with those of Exercise 6. 

10 . Prove'' that the Diesel limited-pressure engine process is less efficient than the 
Otto-engine process for the same compression ratio. 

11 . Assuming that the charge and its conditions are the same in both cases at the 
beginning of compression, prove that increasing the compression ratio increases the 
thermal efficiency of the ideal engine processes. 

12 . Compute the ideal thermal efficiency, moan effective pressure, and specific fuel 
consumption for the throttled Otto-engine process for various induction pressure.s 
ranging from 14 7 Ib/in.* down to that induction pressure which results in net work 
equal to zero. Air and the chemically correct amount of liquid fuel are supplied the 
carburetor at 60 F and 14.7 Ib/in.^ Compression ratio is 6:1. Assume that the 
Mixture Chart H, Appendix, is correct for all cases. Plot thermal efficiency vs. Pi. 

13 . Assuming that air and a chemically correct amount of liquid octane at 60 F are 
supplied an ideal supercharger of an engine, determine the thermal efficiency, mean 
effective pressure, and specific fuel consumption for supercharger pressure ratios of 
2:1 and 3:1, Engine compression ratio is 6:1. 

Gas Turbines 

14 . Prove that the air-standard efficiency of the Hrayton cycle is the same as for 
the Otto cycle. 

15 . Determine the net work and efficiency for the elemenfary gas-turbine process 
for pressure ratios from 2:1 to 10:1, and plot the results against pressure ratios. 
Atmospheric air is at 60 F and 14.7 Ib/in.^ Use the energy and entropy tables for air, 
neglecting the effect of the products during t he turbine process. Determine < he f juantity 
of fuel required from the actual reaction process. Use turbine inlet temperatures of 
1500, 2000, and 2500°K 

16 . Solve Exercise 15 with 100 per cent regeneration. 

17 . Solve Exercise 15 with two stages of compres.sion with optimum pressure ratios 
and perfect intercooling. 

18 . Solve Exercise 17 with 100 per cent regeneration. 

19 . Solve Exercise 18 with two stages of expansion and reheating to first-stage 
inlet temperature. 

20 . Solve Exercise 18 using a turbine inlet temperature of 2000°it only, with a 
compressor efficiency of 0.75 and a tur!>iue efficiency of O.SO. Compare the re.siilt 
with that of Exercise 18 for the same turbine inlet temperature. 

21 . Solve Exercise 20 for a pressure ratio of 6:1 only, with a pressure drop of 0.5 
Ib/in.® in all heat exchangers. Compare the result witli that of Exercise 20. 

22 . Solve Exercise 15 for a pressure rdtio of (>:1 only, and a turbine inlet temperatun* 
of 2000®R only, using data for the actual mediums for the turbine process, and compare 
the result with that of Exercise 15 for the same conditions. 

23. Solve Exercise 16 for a pressure ratio of 10:1 and a maximum temperature of 
2000^R, making use of Chart J. 
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THE FLOW OF FLUIDS 

GENERAL 

Energy, Mass, Momentum, and Entropy Relations.-^The flow of a fluid 
from one position to another is caused either by a difference in pressure 
or by a difference in elevation between the two positions. An elevation 
or pressure difference accelerates the fluid acted upon from a state of rest, 
or given condition of velocity, to the maximum velocity that can be 
obtained with the given conditions. A state of stcad}^ flow is eventually 
attained with a given pressure difference, under which condition the 
velocity, pressure, etc., at any given position remain constant. The 
steady-flow Energy Equation may be applied, omitting those forms of 
energy not involved in the given process. Thus, 

PE, + KE, + V, + P,V, + = PE^ + + • ' + Oout (1) 

The Energy Equation may be applied also to nonsteady-flow processes 
as already indicated. 

Steady flow implies that the quantity of fluid flowing past any position 
in a unit of time is the same. Thus, fur positions 1, 2, 3, etc., 

M - M, = J/o = A/ = • • • = Mn (2) 

The fluid is assumed to fill the flow channel and, since the velocity is 
constant at any position in the line of flow, it follows that 

ill = •‘Ipci 1 1 = *42^e2 1 2 > etc. (3) 

where A is the area of cross section of flow channel taken perpendicularly 
to the direction of flow, 
w is tlie velocity of flow,* 

and V is the specific volume of the fluid, all at the given position. 

This equation is commonly known as the continuity or mass equation. 

When several fluids, a and 6, enter a process and l^avc as a mixture the 
mass equation would be 

* The velocity of flow in a pipe lino or duct varies theoretically from zero at the pipe 
surface to a maximum at the center of the pipe. Consequently, the mean velocity 
at any given section should be used. Also, the mean kinetic energy should be evaluated 
for cases in which the velocities are of such magnitude that an appreciable error is 
introduced in using the mean velocity for its evaluation. 

239 



240 


THERMODYNAMICS 


{Ma + M,)i = A 2 W 2 /V 2 (4) 

The mixing of fluids usually occurs with differences in the initial 
velocities but with a common final velocity. If the velocities are appreci¬ 
able, the momentum equation should be applied. In this case, the 
difference between the final and initial momenturns is the applied force. 
Thus, 

(Pi - P 2 )A = (Ma + Mt)W2 - (MaWa + (5) 

in which M is the mass rate of flow 

P is the pressure per unit area at the subscript position, 
and A is the area of both sections at positions 1 and 2. 

All the foregoing relations are based on the principles of Conservation 
of Energy, Mass, and Momentum. 

The Second Law of Thermodjuiamics indicates that for adiabatic 
processes 

aS2 ^ Si 


The entropy of the medium remains constant during reversible adiabatic 
processes, but for all actual adiabatic processes the entropy of the medium 
usually increases during the process. 

Reynolds Number. —Flow may be either laminar or turbulent. Laminar 
flow implies that the various lamuia or flow lines do nf>t mix. A small 
colored stream introduced into a fluid under laminar-flow condition.s 
maintains its identity. Turbulent flow implies the mixing of th(‘ variou'^ 
lamina or flow lines with many resulting eddy currents. A small colonal 
stream w^hen introduced into a fluid under turbulent-flow conditions breaks 
up and colors the entire stream very soon after introduction into the stream. 

Reynolds* discovered that the condition of flow is indicated by tlu' 
dimensionless ratio 


Reynolds no.. Re 


i nertia force 
viscous force 


jjurl 


= ir dp/p = ?/y// V 


(G)t 


where w = velocit}" of flow , ft/sec, 

d = diameter of the pipe, ft, substituted for the length dimension /, 
p = density of the fluid, slugs/ft^ or lb vSCcVft^ 

* Reynolds, O., The Motion of Water and the Law of Rehibtance in Parallel Clmnnels, 
Trans. Roy. Soc. {London)^ A174, 935 (1883). 

t Tietjens, O. G., “Applied Hydro- and Aeromechanics,” p. 6, McGraw-Hill Hook 
Company, Inc., New York, 1934. 

Dodge, R. A., and M. J. Thompson, “Fluid Mechanics,” p. 423, McGraw-Hill 
Book Company, Inc., New York, 1937. 
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§1 *a= absolute viscosity, lb sec/ft^,* 

and, ll/p « kinematic viscosity, v, ft^/sec (see Chart K, Appendix). 

Turbulent flow occurs usually when the Reynolds number is 2,000 or 
above. Below this critical value, the flow is usually laminar. However, 
turbulent flow may occur with a Reynolds number as low as 1,200. See 
(^hart L, Appendix. 

Mach Number.—Mach number is a dimensionless criterion for the effect 
of compressibility in flow proc(‘sses. It is defined as the ratio between 
inertia and elastic forces. Thus, 


, inertia force plhv^ plhv^ 

Mach no. = -== = "Is —i = —5 

elastic force rh pru)/^ We^ 


(7)t 


in which E is the modulus of elasticity, and subscript c indicates the 
acoustic condition. 

However, for practical purposes, 

Mach no. = \/u^/u ^ = wfwc ( 8 ) 

Velocities below the speed of sound {Buh^onic) are indicated by Mach 
numbers less than unity, while in the supersonic rcficion th(‘ Mach numbers 
are greater than unity. When the Mach number is less than 0.5, a 
compressible fluid in a flow process may be treated as incompressible with 
small error in the determination of the stagnation or total pressure. 

Total Temperature and Pressure.—^The temperatures and pressures of a 
flowing medium art* th(‘ static valu(\s. A Pitot tube pointing upstream in 
the moving fluid will indicate the total or stagnation j)re.ssure. This is 
the pressure n'sulting from the adiabatic-rever.sible process of stopping the 
fluid flow. The Kn(*rgy Equation for this process is 


Hi + KE, = Ih (9) 

* The ah.solutc viscosity is the force per unit area required to maintain a unit differ- 
(Mice in velocity l)otween two parallel surfaces a unit tlistance apart in the fluid. Thus, 




force (list apart _F dl 
area vel diff .1 dw 


In the metric system, 



ft 

ft/sec 


« Ih sec/ft* 




gm X ciii/scc*' 
cm* 


X 


cm/sec 


>= gm/(cm sec) 


poises 


1 ceutipoise ** 0.01 poise = 2.00 X lO""* lb sec/ft* 


Kinematic viscosity, = - 
P 


Ih sec /ft* 
lb sec*/ft^ 


ft*/sec 


Reynolds number 


M 


wd 


t Dodge and Thompson, loc . cit .^ p. 431. 


(ft/.sec) ft 
ft*/aec 


dimensionless 
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The temperatures corresponding to Hi and H 2 are the static and total or 
stagnation temperatures, respectively. 

Knowing the static pressure Pi, tlio static temperature Ti, and the total 
temperature T 2 , the total pressure P 2 can be determined in the usual 
manner from the relation for the adiabatic-reversible process. Thus, if a 
gaseous medium, 

A.S = jcp^ - i? In = 0 (10) 


The Mollier diagram may be used for satuiated and superheated vapois. 

FLOW THROUGH ORIFICES 

Liquids.—The flow of a liquid through an 
orihee at the bottom of a column of th(' liquid 
mav l)e determined by anal^^zing the piocc'ss be- 
tvedi positions at the top of the column and at 
the onfice exit (1 and 2, respectivel 3 % Fig 123). 
At both of these positions the pressure and specific 
volume of the liquid will be the same. The tem- 
peiatuie will be constant since th(‘ liquid ma^^ be 
assumed to be incompressible, and the process rs 
usually adial)atic. Also, mechanical work is not 
Tig 12.3—liquid flow associated with the process. Thus, the En<*i'g\ 

througli an orifice (flow j. i 

because of head) Equation b(*( Ollies 



PEi “b K.hi\ — PE2 “b EE2 ( 1 ) 

or, for a unit quantit\ of liquid, 

— ?rr) 2q = hti — ht2 (2) 

If the area of cross section at nosition 1 is huge compared with the 
orifice cross section, W'l will be negligible and 


«2 == V 2q{hU — hti) = y/2q Id (3) 

when hi represents the height oi elexafion of section 1 above section 2. 


Example.—Determine the theoiefical vdoeity with whuh liquid HjO will flow 
through an onfice subjected to a head of 100 ft The area of the orihee is 1 per cent 
of the area of the section at th( iOO-ft elevation 

Since the same quantity an I volume of liquid IhO flow tlinnigh the orifice and the 
100 -ft head section, the velocities will var> iinerscly with the seefion aieas Hence 
Ti ferring to Fig 123, 


Wi « 0Ola’s 
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Obviously lui* is negligible compared to aj 2 *, and 

Wi ^ \/2 X 32.2 ft/sec* X 100 ft =» 80.2 ft/sec 

Flow may occur through an orifice in a pipe line or reservoir under 
pressure. In this case (Fig. 124) the positions 1 and 2, between which the 
Energy Equation is to bo applied, are at the 
same level so that the PE t(‘rms are eliminated. 

Also, f/, Wf and Q term^ ar(‘ eliminated. How- 
(‘V(‘r, the pressure varies, and consequently the 
ICntTgy Equation becomes 

KEi + PiVi = KE, + P 2 V 2 (4) 
or - w,^)/2g = V(r\ - P 2 ) (5) 

The dimensions of V(Pi — /^) are foot¬ 
pounds p(‘r pound of material. Thi'^ i^ (*quivalent 
to th(' potential (uieigy stored in a pound of 
liquid at th(' height hi (Fig. 124) of the column Fig. 124 .—Liquid flow 
of liquid indicating the pressure' diffenmee be- tbrough an orifice (flow because 

tween the two cliosen po'-ition^. Ihus, the 

analv'-es of flow on a head ba'^is and on a pressiin* ba^is are identical. 



Example. - Determine the theoretical quantitv of liquid H 2 O that will flow from an 
orifice haxing an area of I in the orifice being located in the side of a large reservoir 
in which the pressuie at the onhee level is .58 0 Ib/in * abs. 

Obviously u\ IS negligible bince the leservoir is large Thus, 

= V(Pi ~ P,) 

or Wi == :>rrT4T3^“^ 14T7)/62.4 

= S0.2 ft ^ec 

'Fins result is the same as the leMilt ol the previous example since the difference in 
pressuie is equivalent to a head of 1(X) ft 

The (piantitv ihs( haiged pei second will be the product of the orifice area in square 
feet, the velocity 111 feet pt'r slm'oiuI, and the specific w^eight of the fiuul flowing in 
pounds per cubic foot Thus, 

M = Aw/V = (1/144) X S0.2 X 02 4 = 34.8 lb/sec 


Perfect Gases. —The flow of gases through orifices occurs as a result of 
pn'Ssure differcnc(\ Tht‘ expansion process is assuintHi to be reversible in 
the ideal case, and consequently there is an appreciable change in U and T. 
The t(‘mp('rature change of the gas makes possible some heat transfer 
between the orifice and the flowing gas. However, this is of negligible 
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amount because of the small surface area and time element so that the 
process may be assumed to be adiabatic. Thus, 

KEi + Ui + PiVi = KEi + U2 + P»Vt ( 1 ) 

or («' 2 * — u'i^)/2g = //j — H 2 (2) 

If Wi and the variation in specific heat are negligible, 

W2 = V2gcp{Ti - Td (3) 

since H is a function of the temperature for perfect gases. 

The quantity flowing per unit of time is given by the continuity equation, 


M = AiU'i/Vi 

and, since the expansion is a reversible adiabatic (see page 73), 


Then, 


or 


M 


M 


y." \T.) w 

- - iW'\ 

= 2 FTP' 


(4) 


(5) 


( 6 ) 


(7) 


The differential of M with res{)ect to Tj, T, or P 2 Pi when equat'd to 
zero indicates that the flow rate Af is a maximum when 

k 

Ti _ 2 

Ti 


, Pi { 2 

Pi v + v 


k + \ 

For temperatures n(*ar thoM* of ihv atmos}>h('r(», k = 1.4 and 
T 2 /T 1 = 0.833 and l\Fi = 0.528* 


( 8 ) 


Thus, the maximum rate of flow of a gas through an orifice for any 
given initial conditions is attaiiK^d when P 2 = 0.528Pi. This is tc'rmed 
the critical pressure. A lower back pressure will not increase the rate of 
flow through the orifice. 

Example.—Determine the theoietiral maximum rate at winch air will flow through 
an orifice 1 in.* in area. The orifice discharges air from a tank into the atmosphere. 
The pressure in the tank is 150 Ib/in.* abs and the temperature of the air in the tank is 
100 F. 

♦The critical pressure is sligiitly higher for actual gases (see the section on Vapors). 
Also deviations in V, and S must be considered in solving the Energy Equation for 
the kinetic energy and velocity, and in solving the continuity equation for the muss flow 
if the medium deviates appreciably fron) the perfect-gas condition. 
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The critical pressure will be used since the back pressure is less than the critical 
pressure. Thus Pi =? 0.528 X 150 =* 79.2 Ib/in.* 


Vi 


RTi 

Pi 


1545 X 560 
150 X 144 


= 40.1 ftVmole of air 


Since the kinetic energy is in foot-pounds per pound, the dimensions of Cp must be 
the same. From Table II, Appendix, at 560'’'H, 

c, = 6.936 Btu/mole = - = 186.3 ft-lb/lb 



Fig. 125.—Theoretical and actual flow through a well-rounded orifice. Medium is air. 
Negligible velocity of ajiproach. Initial conditionb: P\ = 150 Ib/in.* abs. and Ti = 560® R. 
Orifice area = 1 in.* 


Then substituting in Eq. (7) 

M = [(1/144)/40.11 \'2 X 32.2 X IH6.3 X 560 I(0.52S)i*^*» - (0.528)i*7^<l 
» 0.449 V7(r40r=nb:335) « 0.11,54 inole/sec 

0.1154 niole/sec X 28.97 Ib/niole = 3.34 lb/sec 

In a similar manner the flow rates for other pressure ratios may be 
determined (Fig. 125). Obviously, the flow rate does not decrease to 
zero as th(‘ downstream preswsure is decreOvsed to zero pressure. This can 
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be verified experimentally and results in maximum flow at and below 
critical pressure ratios. 

The maximum velocity of flow attainable in an orifice is the acoustic or 
sonic velocity for the medium. The relation for this velocity may be 
obtained by combining the equation for with the critical pressure-ratio 
relations and the Equation of State. This results in 

= w, = VgkPiV, = Vgl^RTi (9) 

for a perfect gas, assuming constant specific heat. 

The critical pressure ratio for flow through orifices or nozzles is the result of an in¬ 
herent characteristic of gases and vapors that is indicated hy the theoretical flow area 
(Fig. 126). As the pressure on the downstream side of the orifice is lowered below the 
upstream pressure (down to the critical pressure) the velocity of flow increases faster 
than the specific volume and less orifice area is required to flow a given amount of fluid. 
However, as the back pressure is lowered below the critical pressure, the specific volume 
increases faster than the velocity and more area is required to flow the given amount of 
medium. Hence, the increase in specific volume of the fluid restricts the flow through 
orifices for pressure drops below the critical pressure. Also, the effect of the pressure 
on the downstream side, when below* the critical pres.sure, cannot be transmitted up¬ 
stream and increase the sjiecific volume since the fluid is flowing from the orifice with the 
acoustic velocity. This phenomenon prevents the flow* from decreasing to zero as the 
back pressure is lowered below’ the critical pressure, although this is indicated by the 
mathematical relationship (Eq, 7). 

The sonic velocity of the medium is higher than tlie flow velocity above 
critical pressure ratios (Fig. 125) and lower l)elow’ critical pressure ratios. 
The high flow velocities (supersonic) are attained in th(‘ diverging sc^ction 
of nozzles. 

Actual velocities and rates of flow are determined by multiplying the 
theoretical values by the coeflScients of jet contraction and v(*locity 
(see page 248). 

If the pipe line ahead of the orifice is not sufficiently large, the initial 
velocity Wi must be considered. The term may be eliminated by 
means of the continuity equation. Thus 

Wi = 'IC2A2V1/A1V2 ( 10 ) 

Also, for perfect gases, V 1 /V 2 = (i^z/Z’i)^/* (11) 

Substituting Eqs. (10) and (11) in Eq. (2) results in 


W2 



2gcj. (Ti - T 2 ) 

- {A2/A,)\P2/l\yi 


( 12 ) 
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and 


M = At/Vi 


2qcpTj _ 


(P 2 /P 1 ) - (P,/Pi) * J 


»+i 

k 




(13) 


Diffeicntiatmg M with rc&pcct to P 2 Pi and equating to zero result in 
the following expie&sion for the maximum rate of flow and pressure ratio 
acro&fa the oiifice: 


k - 2/A2Y/P2\‘ . /PA~ _k + l 

2 W 2 


(14) 


Assuming A 1 /A 2 is infinite, Eq. 14 becomes identical with Eq. 8. 
the ciitical piessure ratio deci eases 
slowly as the \alue of A 1 /A 2 is decieased 
from infinity to 5, being b(‘low 0 5 at a 
value of 2 and deci easing lapidly towraid 
0 as A 1 /A 2 approaches zero. It should 
be noted that below a value of ^li Az of 
1 , the oiifice is an eY])anding tube 
Vapors. —The Energy h^quation for the 
flow of vapors through orifices is the 
same as that foi gases Thus, 

{iiA - vr) 2g = Ih - Ih (1) 
and, if u 1 is negligible. 


Also, 



Ik, 


Sr5^ 

Entropy 

12b —Enthalpy-cntropj'' diagram 
for II drop through an orifice 


Wt = \^2g(Hi - II 2 ) 


( 2 ) 


The maximum rate of flow of vapors thiough an orifice occurs at 
pressure latio^ langing from about 0.55 to about 0.58 depending on the 
condition of tlu' vapoi and assuming a negligible velocity of approach. 
The value 0.58 apjilies to wet or satuiated vapor while 0.55 applies to 
highly supei heated vapoi s. These ^ allies deci ease with an increase in 
supeiheat tow aid the \alue of 0.53, the ciitical piessuie ratio for perfect 
gases. 

The d('cieas(» in II loi this piocess, foi a given deci ease in pressure, may 
be d(‘t(Mmin(*d fioin the Mollier diagram foi th(' medium (Fig. 126). The 
flow is assumed to be a reversible adiabatic piocess because of the short 
length of the orifice. 


Example.—Doiermilie the maximum rate at which W'ater vapor will be discharged 
into the atmosphere fiom a iiiessure of 100 Ib/m ^ abs The area of the orifice is 1 m.*, 
and the steam is initiall> satuiated 
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From the Mollier diagram. Chart A, Appendix, 

At 100 lb/in.* and saturated, /A = 1187.2 Btu/lb 

At 58 Ib/in.* and Si. Ht = 1144.0 Btu/lb 

Then, v>. = v2 X 32.2(1187.2 - 1144.0) 778 

= 1,471 ft/sec 

.\t 58 Ib/in * and final conditions (Sj = SO the value of x is 0.964. 

Also, Vt = IT’, - (1 - x)Vsyh = 7.407 - 0 036 X 7.390 = 7 141 ft»/lb 


Then, 


w 1 X 1471 

^ * Ka “ 144 X 7 141 


1.43 lb/sec 


Orifice Coefficients,—The foregoinp; treatment of flow through orifices is 
based upon the assumptions that the fluid fills the orifice and that no 
friction effects occur. Orifices with sharp edges (Fig. 127) cause the jet 



Sharp edges Well-rounded edges 


Fig. 127 —Flow through shaip-edgod and 
well-rounded orifices (Back pressure abo\e 
the critical pressure.) 



rn» 1J8 —T^ocation of pressure taps for W(*1I- 
lounded orifice or ^lo^^ nozzle in pipe line 


of fluid to contract. This is the rosull of the various flow linos of the fluid 
approaching the orifice. Tho jot contraction loduoos the effectivo area of 
the jet to about 0.60 of tho orifice au‘a wh(>n tho area of tho orifice is 
small compared to the area of cross section of the reservoir or pipe to which 
the orifice is attached. 

Rounding the orifice on the side of the approaching fluid (Fig. 127) 
causes the jet to fill the orifice. In such cases the eoefiieient of j('t con¬ 
traction based on the orifice area is practically unity. Thus, this coefii- 
cient may vary from 0.60 to practically unity depending on the upstream 
side of the orifice and the rel.Mive size of the orifice and tho pipe in which 
it is located. 

The velocity cocflScicnt i.s the ratio of the actual to the theoretical 
velocity. Since orifices are relatively small in length, the friction effect 
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is usually very small and results in a decrease of 1 to 2 per cent in velocity. 
Thus, this coefficient is usually about 0.98 to 0.99. 

The flow coefficient is the product of velocity and jet contraction 
coefficients. Thus 

^actual “ Cvel "f" fl) 

effective “ Cjot cent .^actual f2) 

Mafliml = (cAw/V) (3) 

where c is the eoefficient of flow, and V is the specific volume of the fluid. 

The flow coefficients for sharp-edge thin-plate orifices in pipe lines 
depend on velocity of approach, pipe size, orifice-pipe diameter ratios, and 
the Reynolds number for the flow.* 



Fio. 129,—T.ocati(>n of minimum static pressure for sharp-edge thin-i)late orifices. For 2-in. 
or larger pipe, (Fluid Meters, Part I, 4th ed., A.S.M.E., 1937.) 


Orifices in Pipe Lines.— Flow through orifices into the atmosphere or 
into a larg(‘ chanilxM’ indicat(‘s that the prcs.surt' of the flow'ing medium 
drops to atmospheric or chambt'r pre.s.sure, respectively, and these pressures 
ar(‘ us('d foi* flow evaluations. A well-rounded orifice t (Fig. 128) stream- 
liTi(‘s the flow so that no contraction of the jet occurs h(\vond the orifice. 
Thus, in pipe lines, it is customary to determine the downstream pressure 
at the plane of the discharge section of the vvell-round(Hl orifice, while the 
upstream pressure is determined at a position about one pipe diameter 
ahead of the plane of the upstream section of the orifice. The location 
of the downstream pressure tap is basi'd on the assumption that at 
minimum jet section the maximum velocity and minimum pressure occur. 

* See “Fluid Meters,” Part I, 4th ed., A.S.M.E., 1937, for very complete information 
on flow coefficients. 

t It has been suggested that this be termed a nozzle or flow nozzle. Ibid, 
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The location of the minimum jet section or vena contracta for flow 
through a sharp-edge or thin-plate orifice depends on the ratio of orifice to 
pipe diameter (Fig, 129). 

FLOW THROUGH NOZZLES, DIFFUSERS, AND RAM CHAMBERS 

General. —The flow of a fluid through an orifice will be very nearly 
laminar and free from turbulence, if the orifice is well rounded and the back 
pressure is equal to or greater than the critical pressure. With back 
pressures lower than the critical pressure, ihe jot of vapor or gaseous fluid 
tends to explode as it leaves the orifice at the critical pressure and enters 
the region of lower pressure. This explosive tendency of a vapor or 
gaseous jet can be eliminated by adding an expanding section to the orific(‘ 
as indicated by the Theoretical Flow Area in Fig. 125. This permits the 
fluid to expand gradually to the back pr(\ssure and effectively directs the 
fluid stream as its velocity increases. The combination of the well-rounded 
orifice and the expanding tube is t(*imed a nozzle or a converging-diverging 
nozzle (Fig. 132). 

The friction in the orifice section of a nozzle is very small and is usuall^> 
neglected. However, the larger rubbing surface and higher vc^locities mak(» 
the friction in the expanding section of the nozzle an important factor. 
This friction effect results in an increase in entropy and a reduction of the 
enthalpy change of the medium for a gi\ en pressure drop through the nozzle. 

Flow through nozzles is analyzed by dealing first with the flow through 
the orifice section, and then by dealing with cither the flow through the 
expanding section or the flow thi’ough the entire nozzle. 

Through the orifice, 

{wt^ - wi^)/2g ^ Hi- Ht ( 1 ) 

and M = AtWt/Vt (2) 

where the subscript 1 indicates the •-ection ahead of the nozzle, and / 
indicates the smallest section or throat of the nozzle. The area of the throat 
determines the value of M, the rate of flow through the* nozzle. 

Through the expanding section, 

2g = //, - //, (3) 

and M = AeW^/V, (4) 

where the subscript e indicates the exit section of the nozzle. 

Through the entire nozzh* 

( u -.* - «' i ^)/ 2 g = Hi - H, 

Eq. (4) being applicable again to the exit section. 


( 5 ) 
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It is customary to analyze the nozzle as a whole when determining the 
exit velocity Wej and to relate the actual enthalpy drop to the ideal drop 
by a factor y which indicates the part of the reversible adiabatic enthalpy 
drop which is first transformed to kinetic energy and then reconverted 
into enthalpy by the friction process. Thus, 

Hi - lie = (//i - H,Ul - y) (6) 

from which = {Hi — H2)»{1 — y) (7) 

or, if Wi is negligible, 

- V2g{Ih - mui - y) (8) 

in which (//i — Ih)s is the change in enthalpy resulting from the reversible 
adiabatic drop in i)ressure through the nozzle. 

Example.— \ir is discharj^ed through a nozzk* having a throat area of 1 in.^ The 
initial pressure is 150 Ih/in.* ahs and the back pressure is 15 Ib/in.^ abs. Ti = 100 F; 
ij = 0.15 of the ideal // drop for the nuzzle. Determine the area of the mouth of the 
nozzle. 

From the example on page 245 for which the same data were used, it was found that 
the quantity discharged through the orifice was 0.1154 mole/sec. This is also the 
(juantity that will lie discharged through the nozzle. 

The temperature of the medium at the exit of the nozzle, with no friction, would be 

T‘=^ 

assuming constant specific heat* for this temperature range, 

= \/2jr(> (T~ T7)7(1 - y) 

= X 1S0.1(5()0 - 290)(1 - 0.15) = 1660 ft/sec 

The area of the exit section of the nozzle is determined from the conditions existing 
at that section. Although the pressure has dropped to 15 Ib/in.-, the temperature is 
actually higher than 2tK)'H because of the effect of friction (Fig. 130;. Since 0.15 of 
the ideal 11 drop did not appear as final kinetic energy, 

//. = (//» - IhU + Ih 

or with constant specific heat, 

Tt = (7\ — Ti)»y + Ta 

* (500 - 200)0.15 4- 290 - 331°R 

The specific volume of the air at the conditions actually existing at the exit of the 
nozzle will be 

* Variable specific heat must be considered for temperatures appreciably higher than 
atmospheric. In such cases values of IJ can be obtained directly from Table XIX in 
the Appendix. Also, the entropy tables may be used to determine T 2 if it is not below 
the lowest temperature in the table. 
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Then, 


RT, 1,545 X 331 
P, “ 15 X 144 


236.7 ft®/mole 


A. 


MV. 

W’e 


0.1154 X 236.7 
1,060 


0.0105 ft* = 2.38 in.* 


The flow of vapor through a nozzle is analyzed in the same manner with 
the use of the proper vapor tables or diagrams. 




Fio. 130.— T-iS diagram for gas flow Fio. 131.—H-N diagram for vapor flow 
through a nozzle. through a nozzle. 

Example. —Determine the area of the exit of a steam noz/le having a throat area of 
1 in.* The back pressure is 10 Ib/iii.* abs, and y is 0.15 of the ideal H drop. The 
steam is initially saturated at 100 Ib/in.* abs pr. 

From the example on page 248 for which the same data were given, it will be noted 
that the quantity discharged will be 1.43 Ib/sec. 

From the Mollier diagram for water vapor, Chart A, Appendix, and Fig. 131, //, 
at Si is found to be 1022.4 lltu. Then, 

= V2 X 32:2 X 778(1187.2 - 1022.4)(1 - 0.15) 

= 2,648 ft/sec 

Also, Hr « (//1 - H 2 ).y + /f 2 * (1187.2 - 1022.4)0.15 + 1022.4 = 1047.1 Btu 

A value of H = 1047.1 Btu at a pressure of 10 Ib/in.* abs indicates a value of (1 ~ x) 
of 0.0978. Then, 

- (1 - x)Vfg]io\b/m^ = 38.42 - 0.0978 X 3S.40 = 34.66 ftVlb 
and A. = MV.Iw. = 1.43 X 34.66/2648 = 0.0187 ft* « 2.70 in.* 

In a similar manner the pressures at various sections of the diverging 
part of the nozzle were detf^rmined by assuming values of y of 0.10, 0.06, 
and 0.03 for pressures of 20, 30, and 40 Ib/in.^, respectively. The'areas 
computed for these values indicated the sections at which the various 
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pressures occur (Fig. 132). The pressure at the throat of the nozzle is the 
critical pressure for discharge pressures ranging from the designed pressure 
up to about 0.8 the initial pressure. For discharge pressures in the fore¬ 
going range, the flow undergoes a pressure shock at some section in the 
diverging part of the nozzle. At this point the pressure changes very 



Fio. 132.—Pressure conditions in a nossle with discharge pressures for and above that for 
which It was designed. Initial conditions saturated steam at 100 Ib/in.* 

abruptly while the velocity changes from supersonic to subsonic velocities. 
Beyond this point the diverging tube acts as a diffuser, and the velocity 
decreases gradually as the pressure rises to the end of the nozzle. 

The pressure attainable in a sudden transformation from supersonic to 
subsonic velocities may be determined by applying the Energy", Continuity, 
and Momentum Equations to the process. Assuming an adiabatic process, 

(9) 


Hi + KEi = Ih + KEi 
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in which subscripts 1 and 2 indicate conditions immediately before and 
after shock. 

A sudden or instantaneous transformation indicates a very thin section 
in which the shock occurs. Hence the flow areas are assumed to be the 
same before and after shock, and 

M = Awi/Vi = AW2/V2 (10) 

With known conditions at point 1, an assumption of 7/2 permits the 
evaluation of KE 2 (and W 2 )* from Eq. (9), and the evaluation of F 2 from 
E]q. (10). Thus, for every avssumed II 2 there is a corresponding F 2 , and 
consequently P 2 , that satisfy the Energy and Continuity Equations. The 
locus of such a series of points is termed a Fanno line.^ 

The combination of P 2 and xc 2 that satisfies the Momentum Equation 

(P 2 Pi)A = - W 2 ) (11) 

indicates the pressure and velocity after the pressure shock. 

The entropy of the medium after adiabatic shock is more than before 
the process, indicating an irreversible effect. Hence, an abrupt decrease 
in pressure is impossible, since reversing the foregoing analysis would in¬ 
dicate a decrease in entropy for an adiabatic process. 

At discharge pressures above about 0.8 of the initial pressure up to 
almost the initial pressure, the pressure at the throat ranges from the 
critical pressure upward but is always appreciably below the discharge 
pressure. Under this condition of opei*ation the nozzle acts as a venturi 
which is often used to measure flow since the throat causes an appreciable 
increase in velocity of flow with a corresponding pressure drop v hich may 
be used to compute flow, while the diverging section reconverts most of the 
velocity head at the throat into pressure head at the end section. Thus, 
only a small pressure loss need be incurred with venturi meters.J 

Nozzles for Turbines.—Nozzles for turbines are usually set at an angle to 
the plane of rotation of the turbine blades. Although the nozzle^ is d(\sign('d 
with an exit section at (Fig. 133), the edge AB may be extended to 
C and the edge A'B' cut back to C' so that the mouth section may b(' 
represented by CC\ In this case the vapor along the side A'C' is not 
fully expanded w^hen it leaves the nozzle. Hence, it is considered desirable 

* The use of a value of corresponding to KE 2 in Eq. (10) indicates an assumption 
of no eddy velocities, i.e., all tht fluid has the same velocity and it is in a direction 
perpendicular to the flow area. 

t Stodola, a., (Loewbnstein), “Steam and Gas Turbines,” Vol. I, p. 61 , McGraw- 
Hill Book Company, Inc., New York, 1927. 

tThe venturi meter usually has a converging conical section instead of an orifice 
ahead of the throat (see reference, p. 249). 
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to extend the side AB to Z), adding a cylindrical or rectangular extension 
BDB' to the nozzle proper, merging the conical section gradually into the 
extension. The addition of extension BEE'B' tends to straighten the 
diverging jet and direct it as a cylindrical or rectangular stream toward 
the turbine blades. 




Fto. —Nozzle and extension for turbine use. (With straight and curved contours.) 

Tlie al)rui)t change from the diverging section of the nozzle to the 
cylindrical section (Fig. 133) sets up a pressure shock, when the fluid 
vt'locity is suptTsonic, at the Mach lines indicated by the angle a, when 
a is defined as follows: 

sin a = Wc/w = 1/M (1) 

in which Wc and xv arc acoustic (sonic) and stream velocity, respectively, 
and M is the Mach number. 

In the expanding section of the nozzle the stream velocity is increasing 
and the acoustic velocity is decreasing. Thus, a is decreasing along the 
line of flow and the adjacent Mach lines (indicated by ai and ^ 2 ) do not 
intersect and shock fionts are not formed. However, all those Mach 
lines between the two indicated by a 2 and a do Nintersect and set up the 
shock front at the Mach line indicated by a. The introduction of a curved 
contour coniu'cting the diverging cone with the cylindrical end section 
is used to reduce pressure shock to a desirable minimum by designing the 
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curved contour* (Fig. 133) to eliminate intersection of Mach lines and 
shock except where it joins the cylindrical section where the surfaces 
intersect at a small angle. 

Jet Reaction or Propulsive Effect. —jet of fluid flowing from a nozzle 
produces a reaction on the nozzle or the chamber to which the nozzle is 
attached. This reaction or thrust depends on the entering and leaving 
velocities and their directions. In the case of the rocket (Fig. 134) which 



Explosive 



j Fuel 
j Oxidiiing agen f 




Fig. 134.—Diagrammatic sketch of explosive rocket 

carries all of its propolhng medium, the velocity of the medium is zero 
relative to the rocket before reaction in the burner, whether the rocket is 
in motion or not. The medium is accelerated from zero velocity to the 
velocity, with which the medium leaves the nozzle of the rocket. 
Thus, for a flow rate of M lb per sec, the force required to accelerate the 
medium is 

F = -- 0) (1) 

which is the jet-propulsive or thrust effect of a fluid issuing from any device. 



A jet-propelled plane has air entering the propulsion unit (Fig. 136) 
during flight at a velocity, relative to the plane, equal to the air speed of 
the plane. The air is compressed first in the ram chamber and then in 
the compressor; fuel is added and burned; the hot gas(\s produce turbine 
work to drive the compressor and then leave the unit with a high velocity. 
The air is accelerated from w’l to while the fuel is accelerated from 0 to 
w^. Assuming that the enUTing and leaving velocities are in the same 
direction and along the line of flight, the net propulsive force is 

*S’hapiro, a. H., ‘^Nozzles for Supersonic Flow Without Shock Fronts,” Trans., 
A.S.M.E., 66, A, 93 (1944). 
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F — [(M + m)w 2 — MwiJ/g (2) 

where M and m are the flow rates of the air and fuel, respectively, and Wi 
and tV 2 are the entering and leaving velocities, respectively. 

For cases of converging nozzles and atmospheric pressures below the 
critical back-pressure value, an additional force occurs because of the 
incomplete expansion of the jet. This force is equivalent to the product 
of the critical minus the atmospheric pressure and the nozzle exit area. 

Force = (Pe — Patm)Ae (3) 

In like manner, the drag of ram chambers or cooling air ducts on planes 
may be evaluated from the entering and leaving velocities and the air flow 
rate. The heat added to the cooling air stream, after being rammed to a 
relatively low velocity, can be ased to offset some of the drag by the 
expansion of the air to atmospheric pressure in properl}^ designed passage¬ 
ways before leaving the plane. In some cases a zero drag or even a small 
net thrust may be obtained. 

Supersaturated Vapor.* —The flow of a vapor through an orifice or a 
nozzle occurs so rapidly that an unstable condition exists as regards the 
presvsure-temperature relationship in the saturated region. Also, con¬ 
densation does not occur when the expansion process crosses the saturation 
curve, but the vapor acts like a gas at least until the pressure is about 
one-half that at which the proce.ss crosses the saturation curve. This 
sitpcrsaturated condition, with a temperature lower than that corre¬ 
sponding to the pressure, results in a lower sp(*cific volume and larger 
rate of discharge than would be expected with the assumption of equili¬ 
brium conditions. 

This increase in rate of discharge which may be of the order of 2 to 3 
p('r cent r('sults in a coefficient of discharge of unity or above when based 
upon the ideal equilibrium flow computations. The usual method for 
accounting for supersaturation of H 2 O vapor in flow through an orifice is 
to assume that the expansion follows a path indicated by 

pyi.s = const 

and to solve for the flow in the same manner as for gases. 

Ram Chambers. —The flow through ram chambers is analyzed in a man¬ 
ner similar to that for flow through nozzles except that the flow is reversed 
and the pr(\ssure of the fluid increases as the velocity of flow is decreased. 
If the initial fluid velocity is sonic or subsonic, the ram chamber is in general 
the reverse of a well-rounded orifice, t.e., increasing in section area from 
the entrance to the exit sections. The entrance is well rounded, the 

*Stodola, op. city p. 117. 
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length is appreciably longer than an orifice of the same diameter, and the 
expanding section is gradually rounded into the maximum section area. 

For supersonic initial fluid velocities, the entrance of the ram chamber 
is sharp-edged and the reduction to sonic velocity is accomplished in a 
chamber which decreases in section, f.e., the reverse of the expanding section 
of a nozzle. The reduction in fluid velocity from sonic to subsonic is 
accomplished in the next section of the ram chamber which increases in 
section area as indicated in the foregoing. This construction is indicated 
by the relation between the theoretical velocity and flow areas in Fig. 125, 
which indicates a minimum flow area for sonic velocity. 

The effect of friction in ram chambers is to reduce the pressure rise and 
increase the entropy (Fig. 138). 

The ejector is a combination of a nozzle and a ram chamber in which 
the actuating fluid inducts and compresses another fluid. Thermodynamic 
analysis* of the fluid flow in this device nc^cessitates the use of some of 
the relations in this chapter and in the Appendix. 

FLOW OVER TURBINE AND COMPRESSOR BLADES f 

The flow of a fluid over moving blades results in the transformation of 
kinetic energy of the fluid into mechanical work or vice versa. The 
blades must be curved or shaped so that the fluid flowing over the blades 
has its direction changed and thereby exerts a force on the blades. The 
blades must also move so that the force on the blades acts through a 
distance in the case of the turbine, or the blades must be moved against 
the force in the case of the compressor. Thus no mechanical work is 
done in flowing a fluid over stationary blades that merely serve to give the 
fluid the desired direction to approach the moving blades, and in some 
cases provide passages aj’^s in which the medium may change in pressure 
while undergoing a change in velocity. 

All flow requires a pressure drop to maintain or increase velocity of flow. 
The length of axial turbine blades along the line of flow is comparatively 
short so that under certain conditions it may be assumed that no pressure 
drop occurs across a given set of blades. In other cases, the passageways 
are so designed that pressure drop occurs during flow of the fluid over 
either or both the stationary and moving blades. 

Compressors are designed to raise the pressure of the medium as it flows 
over both the moving and stationary blades. 

* Elrod, Jr., H. G., ^Thc Theory of Ejectors,^' Trans.^ A.S.M.E.^ 65, A-170 (1945). 

t Nominal friction effects are assumed in the various illustrative examples. See 
Church, E. F., ^^Sleam Turbines,2d ed., McGraw-Hill Book Company, Inc., New 
York, 1935, for friction factors, etc., for cases in which shock effects occur because of in¬ 
correct blade angle or speed. 
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Stationary Blades; No Pressure Change. —Stationary blades form 
curved channels through which the fluid flows (Fig. 13Q) and, if no pressure 
change occurs, these blades are termed guide vanes. The fluid enters the 
blades with an initial kinetic energy and is assumed to leave with the same 
kinetic energy if friction is neglected. This implies constant cross-sectional 
area of the channels perpendicular to the line of flow between the blades, 
or the same cross-sectional area at entrance and , 


exit positions. However, the change of direction 
of the flowing fluid causes it to exert a pressure on 
the blade which results in appreciable fluid 
friction. This decreases the kin(‘tic energy and 
increases the enthalpy of the fluid at constant 
pressure. Th(' l^nergy £]quation is 

KEi + 7/i = KE 2 + H 2 (1) 



Fio. 136.—Flow over station¬ 


er (wi^ - lV 2 ^^)/ 2 g = H 2 - Hi (2) ary blades. 


The ('ffect of friction is to reduce the velocity or kintdic energy. Thus, 
if y repi’est'iits the fraction of the initial kint'tic energy that is dissipated 
by friction 

W2^/2g = (1 - v)wi^/2g (3) 

or II 2 - Hi = ywi^/2g (4) 

from which the effect of the friction process may be evaluated in terms of 
the increase in enthalpy of the fluid flowing over the stationary blades. 
Values of y are about of the order of 0.05 to 0.10 depending on the fluid 
conditions, the blade shape, and the amount of rubbing surface per unit 
quantity of fluid. 


Example.— Delorinine the final condition of 1120 after flowing over a row of stationary 
blades. The initial condition of the II 2 O is 14.7 Ib/in.* abs pr and a quality of 0.9 0 
The initial velocity is 1,000 ft/sec; y — 0.07. 

u ir - _ 1 11 V n n? S/ 1,0 00° ft=/seP» 

^ 2(7 ^ ^ ^ 2 X 32.2 ft/sec* 

= 1,087 ft-lb/lb = 1.4 Btu/lb 

At 14.7 Ib/in.* pr and x = 0.90, H = 1053.4 Btu/lb. 

II 2 = 1053.4 -h 1.4 = 1054.8 Btu/lb 

At 14.7 Ib/in.* pr and H = 1054.8 Btu/lb, x = 0.902. 


j2g(l ~ “ V0.93 X 1,000* ftVsec^ = 965 ft/sec 
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Example. —Determine the temperature rise of air after flowing over a row of stationary 
blades. The initial velocity is 1,000 ft/sec and y is 0.07. T\ is 100 F. 

The foregoing example indicates that will be 1.4 Btu/lb of fluid. The specific 
heat at constant pressure for air is approximately 7 Btu/rnole or 0.24 Btu/lb. Thus 

AT = 1 4/0 24 = 5.8 F 


These two examples indicate that the flow area should increase from the 
entering to the leaving edge of the blades since the velocity decreases and 
the specific volume of the fluid increases as the fluid flows through the 
passageway between the blades. 


The force exerted on the blade 
depends on the change in momentum 
that the fluid undergoes in flowing 
over the blade. The fluid should 
approach the blade in a dirc'ction 
tangential to its entering edg(\ The 
shape of the blade changes the direc¬ 
tion of th(' velocity of the fluid and 
cons(»quently changes the velocity 
components. 

The entering fluid has a velocity 
component (Fig. 137) of Wi cos a in the 
vertical direction. The leaving fluid has a velocity component w ’2 cos /Sin 
the opposite direction. 

These vector quantities are opposite in sign and consequently are added 
to determine the change in momentum. Thus, for 1 lb of fluid flowing 
over the blades per second, the force on the blades in the vertical direction 
will be 



Fig. 137.—Effect of blade on velocity and 
velocity components 


F = (wi cos a + iV 2 cos fi)/32.2 


( 5 ) 


Example. —Assume that the entering and leaving angles of a stationary blade, 
measured from the vertical axis (Fig 137) are 45 and 30 deg, respectively. Determine 
the force exerted in a vertical direction on the blade per pound of medium per second 
for the same conditions as in the preceding example 

From the preceding example, W 2 ~ 1,000 ft/sec, and Wi = 905 ft/sec. 

Then, F = {wi cos a w 2 cos /3)/32 2 

« (1,000 X 0.707 + 905 X 0 S06)/32 2 = 47 9 lb/(lb/sec) 


The force to the right in a horizontal direction (Fig. 137) will be 
F = (wi sin a — W 2 sin /3) /32.2 


( 6 ) 
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Since the blade is stationary, none of the forces on the blade results in 
work. 

Stationary Blades; Pressure Change. —^The passageways between sta¬ 
tionary blades in which pressure change occurs are used to produce either 
a nozzle or a diffuser effect. A drop in pressure as a fluid flows over 
stationary blades tends to increase the velocity of the fluid, while the 
friction effect of the fluid rubbing against the blades tends to reduce the 
velocity increase of the fluid. 




Fig. 138.— H-S diagrams for pressure change with flow over stationary blades 

An increase in pressure as the fluid flows over the stationary blades 
results from the decrease in velocity of the fluid flowing. Any friction 
effect reduces the pressure increase of the fluid. The Energy Equation for 
both the nozzle and diffuser processes is 

KEi + Hi ^ KE2 + H2 ( 1 ) 

The path followed on the H-S diagram for the nozzle process, without 
the friction effect, would be AB (Fig. 138). The path AB' is the usual 
case in which the effect of friction is appreciably smaller than the effect of 
pressure drop on the change of kinetic energj^ of the fluid. 

In the case of relatively low initial velocities and high pressure drops 
the analysis is the same as set forth for nozzles. For high initial velocities 
and small i)ressure drops the friction effect is based on the initial kinetic 
enei gy for both the nozzle and diffuser processes. If y is the portion of the 
initial kinetic energy that undergoes friction transformation. 

Hi - Ih = Ha - Hb> = {Ha - Hb) - y{u\^j2g) (2) 

Substituting in Eq. (1) results in 

[w’2* - (1 - y)wi\/2g ^ Ha- Hb (3) 

when Ha — Hb is the adiabatic frictionless H change for the given pressure 
change. 
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The areas of the entering and leaving sections of the channels between 
the stationary blades can be determined from the velocities and fluid 
conditions at the entrance^ and exit sections of the blades. The areas 
should be determined perpendicular to the line of flow. 

Example.—H 2 O at 14.7 abs pr and a quality of 0.90 enters a row of stationary 

blades with a velocity of 1,000 ft/sec. The pressure drops to 12 Ib/iii.® abs in flowing 
over the blades. Ten per cent of the initial kinetic energy is transformed into enthalpy 
by the friction process. Determine the final condition of the H 2 O leaving the guide 
vanes. 

From the Mollier diagram, Chart A, Appendix, or by computation, 

//^ - Ui, = ior)3.4 - 1040.3 = 13.1 lltu 

Substituting in Eq. (3) 

[tea* - (1 - 0.10)UK)0“1 r»l 4 - 13.1 X 778 ft-lb 
= \ 13"rx"77S T -f 900,000 
= l,24Sft/soc 

Also, 11 = Hu 4- 

= 1040.3 Btu -f (0 10 X I,0(¥)')/(()4.4 X 778) 

= 1043.3 Htu 

From the Mollier diagram at a pressure of 12 Ib/m.- abs and // — 1042.3, .r ~ 0.893. 

The path follow('d on the //-/S' diagram for th(‘ diffuseq’ process in the 
ideal case would be AB (Fig. 138). Friction causes the ])ath to move to 
the right, resulting in the ])ath AB'. Both diffusta* pi’oc(\ss('s illustrated 
have the samt' increa<(^ in (qithali)y and consequently must hav(' th(» same 
decrease in velocity according to Eq. (1). However, the friction eff('ct 
reduces the pressure rise. 

The effect of friction is indicated usually by the ratio of th(‘ adiabatic 
reversible increase iu enthalpy, for the pressure rise, compared to the 
actual increase in enthalpy. This is commonly termed the adiabatic 
efficiency. This efficiency ranges fjom 0.70 to 0.90 depending on flow 
conditions and design of pa.ssage betwecai the blades. The passages 
between the blades are short and curved in axial-flow compressors. 
Diffusers for centrifugal compr(\ssors an? usually slightly curved or straight 
passages of appreciable h'ngth. 

Example.—Air at 14.7 lb in.® and a temperature of 00 F enters the first row of sta¬ 
tionary blades at a velocity of 800 ft/sec and loaves at a velocity of 200 ft/sec. The 
adiabatic efficiency is 0.80. Dotermiuo the pressure and temperature of the air leaving 
the blades. 
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Substituting in Eq. (1) 

//» - Hi =(806’ - W^)/(2 X 32.2 X 778) = 11.98 Btu/lb 
(AH). = 0.80 X 11.98 = 9.58 BtuAb 

From Table XIX, Appendix, (//a). + (All), = 1033 + 9.58 X 28.97 = 1310 Btu/mole 
and (Ti), = 5(50°R 

From Etp (10), page 242, and Tal)le XXII, Appendix, 

H In (fyi\) = f^'cr (ir/r = 0.52 
J'i'i 

Solving, /'a = 1.30 X 14.7 = 19.1 Ib/in. 

Also, //, = //i + All = 1033 + 11.98 X 28 97 = 1380 Btu/n.ole 



Fio. 139.—^^'elo^ity diagram for flow over moving blade (no pressure change). 

Moving Blades; No Pressure Change. —Moving blades between which 
the fluid und('rgoes no pr(\ssiiro change' are usually tc'rmed rclociUj or 
impulse blading. The fluid should approach the blade in a direction 
tangential to the surface of the blade over which the fluid is to flow. 
()th('r\\ise, shock and turbuh'iice of the jet result. These are friction 
pioc(*ss('s and th(‘ work effect is n'duced in the case of the turbine and in¬ 
creased in the case of the compressor. 

The desir('d blade entrance angle is determined by the approaching fluid 
velocity and direction as well as the blade' velocity. The fluid leaves a 
nozzle or stationary blades and is directed at the moving blades with a 
velocity of Wi relative to the nozzle or stationary blades, and at an angle 
of 6 (Fig. 139) from tlu' plane of rotation of the blade. A combination 
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of Wi with wi,, the peripheral velocity of the blade, results in Wi^ the 
velocity of the fluid relative to the moving blade. The angle a which Wi 
makes with the plane of blade rotation is the d('sired entrance angle for 
the blade. 

The fluid flows over the moving blade and because of fluid friction has 
its velocity reduced to relative to the blade. It leaves the blade with 
this relative velocity at an angle /3 with the plane of rotation, which is the 
exit angle of the blade. A combination of the relative exit velocity W 2 
with the blade peripheral velocity xvb results in the exit velocity uh relatiye 
to the stationary parts of the machine. 

The application of the Energy Etjuation to the process when viewed 
from a position on or relative to the moving blad(' is exactly thc^ same as 
if the blade were stationary. No work is done when viewed from th(^ 
moving blade and 

KEi + Hi = KE 2 + 1/2 (1) 

in which H 2 — Hi represents the increase^ in enthalpy at constant pressure' 
because of friction reducing the fluid velocity. 

When analyzed from a position on or relative to the stationary parts of 
a turbine, the Energy Equation becomes 

KEi + f/l = KE 2 + Ih + Wont (2) 

and for the compressor 

KEi + Hi + = KE2 + H2 ( 3 ) 

In both cases H 2 — Hi is the same as in (Eq. 1 ). Also without friction 
the work in both cases is equivalent to the change in kinc'tie (aiergy. 

The force exerted by the fluid flowing over a moving blade is didermined 
in the same manner as for the stationary blade. Howevc'r, th(' absolute' 
rather than the relative velocities or velocity components may Ix' used. 
Thus, from Fig. 139, 

Force = Wi cos a — W 2 ' cos ( 4 ) 

= wi cos 6 — W 2 cos 7 ( 5 ) 

The work per second per unit ejuantity of fluid flowing over the moving 
blade will be 

Work = force X distance = {wi cos 6 - W 2 cos 7)w’6/32.2 ( 6 ) 

Example.— Steam flows from a nozzle with a velocity of 2,000 ft/sec at an angle of 
20 deg with the plane of rotation. The turbine blade has the same entrance and exit 
angles, and is moving with a peripheral velocity of 1,000 ft/sec. Determine the work 
done per pound of steam per second, and the condition of the steam a.s it leaves the blade. 
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Ten per cent of the initial kinetic energy relative to the blade is transformed into 
enthalpy by the friction of the water vapor in passing over the blade. 

Wi cos d = 2,000 cos 20 deg = 1,879 ft/sec 

Wi sin e = 2,000 sin 20 deg = 684 ft/sec 

Referring to Fig. 139, 

M),' = a/( 1,879 - 1,000)’ + 084* = 1,114 ft/sec 
a = tan-» = 37.9 deg 

= (1 - y)WV2g = (1 - 0.10)lTT4V2g 
or wV = 1,057 ft/scc 

W 2 cos /3 = 1,057 cos 37.9 deg = 834 ft/scc 
Wz sin i3 = 1,057 sin 37.9 deg = 649 ft/sec 

Wi = 's/(i49* + = C70 ft/sec 

Work = (u; cos e - h’j cos t)i'’ 6/32.2 = (1,879 - 166) X 1,000/32.2 
= 53,200 ft-lh = 68.1 Btu/(lb/soc) 

Substituting in Ec). (2), 

Ih - H, = («’,'* - u'2^)/2;i - WUt 

= (2;000’ - 670*)/64.4 - 53,200 = 1940 ft-lb = 2.5 Btu 

The value of Hi will be 2,5 Btu higlier than fix and at the same pressure. 

Moving Blades; Pressure Change. —Moving blades when viewed from a 
position on them appear to be stationary. Hence, the analysis for this 
case is the same as for stationary blades with the fluid undergoing prcNssure 
change. The thermodynamic condition {P and //) of the m(‘dium as it 
approaches the moving blades is the same regardless of the position of the 
observer. The velocity of the fluid relative to the moving binders can be 
obtained as indicat(*d in the case of the moving blades with no pressure 
change. 

Usually th(' pressure dc'creases in turbine blades and incr('as(\s in com- 
f)r(*ssor blades. 

The flow in this and the foregoing sections has been assumed to be 
axial, ?.c., (‘ach (d(*in(‘nt of fliiitl contacts a given portion of tlu' blade which 
is presumably at a givcai radius and consc'qiu'ntly moving at a given 
peripheral velocity. Vi('wed fi'om a position on a blade on th(‘ rotor of a 
centrifugal compressor, the change in peripheral velocity as the fluid flows 
radially is not observable but must be consideri'd. In flowing outwardly 
from the axis of rotation to the periphery of a rotor with radial blades 
(Fig. 140), the fluid is accelerated from zero to the peripheral velocity 
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when viewed from a stationary position. However, relative to the periph¬ 
ery of the rotor, the air is being decelerated from rotor peripheral velocity 
to zero velocity in a tangential direction while flowing radially outward. 
Thus, the air is compressed against the blade as it flows outwardly thiough 
the rotor of the centrifugal compressor and the pressure of th(' air increases 
to that corresponding to the decrease in air velocity relatiA^e to the moving 
blade. 

Example.—Determine the prcbsure of the air as it leaves a centrifugal rotor with 
radial blades. The tip peripheral velocity 1,000 ft/sec. The air enters the rotor 



Fio. 140.—Sketch of rotor for centrifugal compressor. 

at a pre.ssure of 14..5 Ib/in.^ ab^ and a t(‘inporaturc of GO F. 

The Energy Equation for this process is 

//, = KE, -f //2 

assuming that the entrance velocity is negligible. Then, 

KEu = T7)(K)^^(G4.4 X 778) = 19.96 Btu/(lb X sec) 

This is the increase in // for the process. Inspection of the data in Table XIX, 
Appendix, or the use of the specific heat of air indicates a temperature rise of S3 F 
corresponding to this increase in H. 

From Table XXII, Appendix, values for frr(/T/T at 520 and G03'lt are 0 and 1 033, 
respectively. Assuming that the compression is reversible, Si = S 2 and conseciueiitly 

R In P 2 /P 1 = 1.033 See Eq. (10), p. 242. 
or P 2 = 1.6S2 X 14.5 = 24.4 Ib/iii.^ ahs 

Deviations from the reversible process would result in a lower final pressure in 
practice. 

FLOW THROUGH TURBINES 

Velocity or Impulse Turbines.—^The simplest type of turbine consists of 
one or more nozzles mounted on a rotating disk and discharging a fluid 
tangentially and opposite to the direction of disk rotation (Hero’s reaction 
turbine). The optimum peripheral speed for this device is theoretically 
the discharge velocity from the nozzles since the final kinetic energy of 
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the fluid is zero relative to the stationary parts of the turbine. If blades 
are mounted on the periphery of a rotating disk and the fluid is discharged 
through stationary nozzles tangentially toward the blades (Pelton water 
wheel), the optimum blade speed is theoretically one-half the nozzle 
discharge velocity if the blades reverse the direction of fluid flow. 



P’lQ. 


141.—Skelih .|| a suiglc-staBi' velocity turbine, with pressure, velocity, and ideal vector 

diagrams. 


Single-stage velocity or impulse turbines usually have the nozzle axis 
inclined at a small angle (15 to 25 deg) to the plane of blade rotatmn. 
All of the pressure drop occurs in the nozzle and none in the blades. The 
fluid velocity increases in the nozzle and decreases in the blades (Fig. 141). 
The blades do not run full of the medium but have the medium flowing 
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through them when in line with the jet issuing from the nozzle. The 
blades must be sufficiently long in a radial direction to extend beyond the 
projection of the nozzle. 

The optimum peripheral blade speed, which results in the maximum 
work, is obviously somewhere between zero speed, at which the force on 
the blades does not act through 'any distance, and a speed of Wi cos 6 
(Fig. 141) at which the fluid does not produce a force on the blades. The 


expression for work, Eq. ( 6 ), page 264, 

W = (wi cos 6 — W 2 cos y)wb/g (1) 

But, from Fig. 139, iC 2 cos 7 = w'*, — W 2 ' cos ( 2 ) 

and W 2 ' = Wi \/l — ?/ (3) 

hence, W 2 cos /3 = WiX cos ot \/l — y (4) 

where x is the ratio of cos /3/cos a, if blade angles are unequal. 

Also, iVi cos a = Wi cos d — Wb (5) 

hence, W 2 ' cos /3 = cr \/l — 7 /(u?i cos d — Wb) ( 6 ) 

and finally W = (tfWi cos 9 — U’ 6 ^)(l + x\^l — y)/g (7) 

Differentiating, dW/dwb = cos 9 — 2v^b)(l + x\^l — y)/g ( 8 ) 
and, for maximum work, Wt = 0.5 Wi cos 9 (9) 


which is the optimum peripheral speed for the single-stage velocity or 
impulse turbine regardless of exit-blade angk' and friction effect. Obvi¬ 
ously, decreasing the exit blade angle and also the friction increase's the 
force on the blades, and consequently increases the work obtained from 
the turbine. Without friction and with equal blade angles, the direction 
of the absolute leaving velocity is axial (Fig. 141). 

A single-stage velocity or impulse turbine'"must necessarily run at high 
peripheral and rotative speeds. Reduction in speed is accomplished by 
transforming the fluid kiiu'tic energy into work in more than one stage of 
velocity blading. This is known as velocity compounding. Reducing the 
velocity of the fluid with two sets of moving blades requires a stationary 
set of guide vanes (Fig. 142) to direct the fluid in the desired direction 
toward the second set of moving blades. 

The optimum peripheral blade speed for the two-stage velocity turbine 
may be determined in the same manner as for the single-stage machine. 
If X\j X 2 i and Xz represent the ratios of the cosines of the leaving and 
entering angles of the first, second, and third set of blades, respectively, 
and i/i, y 2 , and 1 / 3 , the friction factors for the three sets of blades, respec- 
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lively, and A, Bf and C represent the three xy/l — y terms, respectively, 
it can be shown that 


_ ( 1 -f- A + AB + ABC \1 ^ 

^ “ \2 +A+B + ABBC A- ABC + C )2 ^ 



ideal vector diagrams. 

For the ideal case of no friction, y is zero. Also for equal entrance and 
exit angles, aJ is unity. For these conditions A, B, and C are unity and 

Wb = 0.25 Wi cos $ (11) 

The vector diagram for the ideal case with entrance and exit blade 
angles equal (Fig. 142) results in the final velocity, uu, having no com¬ 
ponent in the plane of blade rotation. The work obtained from the first 
set of moving blades is three times that obtained from the second set. 
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For the same values of x\/l — y for each set of blades, the optimum 
velocity is slightly lower than that indicated by Eq. (11). 

A three-stage velocity turbine would permit the use of peripheral speeds 
one-third lower than for the two-stage turbine. However, the amount of 
work obtained from the third stage in the ideal case, with the entrance 



Fig. 143.—Velocity turbine with three i>ressure stages (pressure and velocity taken along 

A0AiA2C)AjA40A6). 

angle equal to leaving angle for each blade, is one-ninth of the total work. 
Consequently, other methods arc oidinarily used for reducing the blade 
speed. 

Pressure Compounding of Velocity or Impulse Turbines. —The blade 
speed may be reduced further by dividing the total pressure drop into a 
number of pressure stages, each stage consisting of a nozzle or set of 
nozzles and one or more rows of velocity blades. The pressure decreases 
in the nozzles only, while the velocity increases in the nozzles and decreases 
only in the moving blades in the ideal case (Fig. 143). Each pressure 
stage is separated from the others by diaphragms. 
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The blade velocity of any pressure stage is a function of the velocity of 
the fluid issuing from the no^le. Neglecting the initial KE, the fluid 
velocity is a function of the \/A/f in the nozzle. Hence dividing the 
total AH through the turbine into N stages with equal AH changes 
reduces the blade velocity to a/N times the ideal velocity for a single-stage 
turbine, provided each pressure stage is a single-stage velocity turbine. 

This type of turbine usually has 
two rows of velocity blades in the 
first pressure* stage and one in each 
of the othci’ stages. In most cases 
the nozzles are not of th(* t^^pe shown 
in the diagrammatic sketches but are 
the passages between a group or 
groups of curved guide vanes which 
permit nearly axial flow (filtering the 
nozzl(\s, the curvature [)ioviding the 
d(*sir(Hl velocity direction for the fluid 
leaA’iiig the nozzle blocks. The flow 
thi’ough the various nozzles and over 
the various moving and stationary 
blades is analyzed in tlu* same man¬ 
ner as outlined in the previous sec¬ 
tion. 

Pressure or Reaction Turbines.— 

This type of turbine consists of many 
sets of stationary and moving blades. 

There is a continuous j:)r(\ssure drop Fia. 
through all the blad(\s of tin* turbine. 

This results in an increase* of velocity in the stationary blades and a 
decrease in vi'locity in the moving blades (Fig. 144) when viewed from 
the stationary parts of the turbine. The blades are not symmetrical, 
usually having smaller exit than entrance angles. The blades run full of 
fluid, the length b(*ing computed to provide sufficient area for the flow of 
the fluid. The clearance* betwe(*n the moving blades and the turbine 
stator, and between the guide vanes and the rotor, must be quite small 
to reduce leakage past the ends of the blades to a minimum. 

Example.—There are 301 blades in a row of stationary blades in a pressure turbine. 
The width b (Fig. 144) of the passage between the blades, perpendicular to the entering 
velocity, is 1 in. The velocity is 300 ft/sec. The quantity of fluid flowing is .50 Ib/sec, 
and its specific volume is 12.5 ft*/lb. 



144.—Pressure turbine blading (three 
sets of blades). 



272 


THERMODYNAMICS 


Lb/sec 


area X velocity (blades -- l)(h X h) X Wi 


spec vol ^ spec vol 

where h is the length of the blades and tw/ is the fluid velocity. 

Ib/sec X sp vol_ 


Hence 


h = 


(blades — l)(b 12) X Wi 

Substituting the given values 

50 Ib/scc X 125 ftVlb 


h = 


= 0.5 ft = 6 in. 


(301 ~ 1)(1 -4- 12) ft X 500 ft/sec 
This is the radial length of the leading edge of the set of blades in question. 


Combination Turbines. —The blades of the pressure or reaction turbine 
at the high-pressure end are comparatively short. Henec^, the clearanci^ 
between the ends of the stationary blades and the rotor, and between the 
ends of the moving blades and the stator, is an appreciable amount com¬ 
pared to the length of the blades, and approcial)le fluid leakage occurs 
past the ends of the blades. However, at the low-pressure end of the 
pressure turbine the blades are long and leakage is a comparatively 
negligible factor. Consequent^, in one type of turbine a velocity or 
impulse turbine is used for the high-pn^ssure end and a pressure or reaction 
turbine for the low-pressure end. This is known as a comhinaUon turbine 
(Fig. 145) since both turbines are on the same shaft and in the same casing. 

The high-pressure end of a combination turbine is usually a single¬ 
pressure stage with two stages of velocity compounding, having one set 
of nozzles and two rows of moving blades with a row^ of guide vanes 
betw^een the moving blades. Usually half or more of the total pressure 
drop across the turbine occuis in this pait of the turbine. 

The medium discharged from this part of the turbine enters the low- 
pressure end of the turbine which consists of 10 to 30 sets of pressure 
blades through w^hich the piessure drops gradually to the turbine back 
pressure. 

Twisted Blades. —The distance from the center of rotation and the speed 
of rotation determine the blade speed, w^hich is usually takem at the center 
line of the blades, i.e., halfw^ay between the tip and base of the blade. 
However, the tip of the blade has a higher velocity than the base because 
of the differences in radii. This necessitates larger entrance angles at the 
tip than at the base of the blades, which results in the twdsted blade. 
It is customary to give this twist to the longer blades only, although all 
blades should have the twist for optimum results. 
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FLOW THROUGH COMPRESSORS 

Axial-flow Compressors. —Axial-flow compressors may be designed with 
or without pressure change of the medium in the moving blades. How¬ 
ever, by designing for a pressure increase in both stationary and moving 
blades, the mean fluid velocity may be kept reasonably low and high 
efficiencies may be attained. Thus, a set of stationary and moving blades 
(Fig. 146) has pressure and velocity effects the reverse of those for a set 



of blades for a pressure turbine (Fig. 144), i.e., pressure rises in both blades 
and velocity decreases in the stationary and increases in the moving blades 
of the compressor. Relative to the blades, the velocity decreases in both 
the moving and the stationary blades. The blades may be designed so 
that the axial components of the various velocities are constant or varied 
as flow progresses through the turbine. 

The number of sets of blades required is determined from the total 
pressure ratio desired and that obtainable from each set of blades. 

Efficiencies under optimum operating conditions usually range from 
below 0.80 to above 0.90 depending on the excellence of design and number 
of stages. 
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Centrifugal Compressors. —single-stage centrifugal compressor con¬ 
sists of a rotor with blades between which the air flows and is compressed 
while having its absolute velocity increased. The fluid is discharged into 
a diffuser which reduces the kinetic energy of the fluid and causes a further 
rise in pressure. These effects are both similar to those occurring with a 
set of blades for an axial compressor. See the section on Moving Blades 
with Pressure Change for further discussion of the process in the rotor. 

t 


stator Rotor 




Fig. 146.—Sketch of one set of stationary and moving blades, pressure, velocity, and vector 
diagrams for an axial comi)resbor. 

Example. —Assuming a comparatively low radial velocity for the air flowing through 
the rotor in the example on page 266, determine the ideal pressure at the diffuser outlet 
The low radial velocity (Fig. 140) indicates a final velocity {Wi leaving the rotor) of 
not much more than the tip peripheral velocity. Thus, the temperature rise in the 
diffuser would be practically 83 F also. 

From Table XXII, Appendix, / cpdT/T at 686®R is 1.94. Then, 

R In = 1.94 

or = 2.65G X 14.5 = 38.5 Ib/in.^ abs 

The pressure ratio in the diffuser is 6 per cent less than that in the rotor of the 
compressor for this case. The effect of the radial component of the air velocity leaving 
the rotor is to increase the pressure rise in the diffuser. 

FLOW THROUGH PIPE LINES 

Analysis of Fluid Flow. —Fluids flow through pipe lines when differences 
in pressure or potential energy exist between two sections of the line. 
The change in specific volume because of pressure change between sections 
is negligible in the case of mediums in the liquid state, but may be very 
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appreciable in the case of mediums in the vapor or gaseous states. The 
flow of liquids is usually described as incompressible flow, while that of 
gases or vapors is termed compressible flow. 

The expansion of mediums during flow results in an increase of kinetic 
energy and a decrease in temperature since the enthalpy decreases with 
an increase in kinetic energy. The fluid rubs against the pipe walls and 
dissipates some of its kinetic energy by the friction process. Also, the 
vai'ious strata or layers of the flowing fluid move with different velocities, 
exerting shearing forces on adjacent strata, and dissipate some of the 
kinetic energy by fluid friction. The result of both the friction on the pipe 
walls and the in 1 (Tnal fluid friction t('nds to raise' the temperature and 
increase the internal energy and enthalp}'^ of the medium. 

Heat flows in or out of the me'dium depending upon the temperature 
difference between the mc'dium flowing through the pipe line and the 
medium around the outside of the pipe line. Thus, the effect of heat 
transfer in and the friction procc'ss is to reduce the decrease in temperature 
of a va]:)or or gas flowing through a pipe line which is surroundc'd by a 
nu'dium at th(‘ same temperature as the initial tem})erature of the flowing 
nu'dium. 

Energy Dissipated by Friction.—The friction force that resists the flow 
of a small ('lenient, AJi (Fig. 147), of a 
fluid undcT laminar flow conditions] 
pi})(' line dep(‘nds upon the area of con¬ 
tact with th(* pi])e, tlu' velocity of flow, — An element of fluid in a pipe 

and the (U'li.sity of the fluid in the 

element. Assuming that the friction force is directly proportional to each 
factor raised to some powt'r, 


;r ICfflS- 


or 


Friction foi'C(' = /'(d('nsity)®(velocity)*'(rubbing surface)*’ 
F.F. = r{bY{ic)\Ay 


( 1 ) 


in which/' is a dimc'iisionh'ss co('ffici(‘nt of friction. 

Substituting the dina'iisions in t(Tms of mass {m), distance (/) and time 
{t)y Eq. ( 1 ) Ix'comes, 

{mit-'^Y = 

The dimensions of both sides of this equation must be the same. Hence, 
the relation between the exponents on both sides of the equation must 
be as follow^s: 

m terms, 1 = a 

l terms, 1 == —3a + b + 2c 

t terms, —2 = —b 

* Mass X acceleration is substituted for the friction force. 




276 


THERMODYNAMICS 


Solving these equations simultaneously, a = 1, 6 = 2, and c => 1. 
Hence, the equation for the force of friction may be written as follows: 

F.F. = S'bw^A = AL (2) 

where d is the diameter of the pipe and AL is the length of the fluid 
element, vd AL being the rubbing surface of the element (Fig. 147). 

The length of the element depends upon the quantity of fluid in the 
element, its density, and the pipe diameter. Thus, 

AM = AV X S = ^ X AL X d 
4 

or AL — 4 AM ird^b 


Substituting this in Eq. (2), assuming a unit quantity of fluid. 


F.F. 


= r 


4 

Wd 


(3) 


The work of friction when a given quantity of fluid flows pa.st a given 
section is equal to the force of friction times the distance through which 
the force acts. Thus, 


AKEf 


,w^ AL 
hg d 


(4) 


This is the well-known Darcy equation, AKEf being equivalent to the 
friction head in feet, or potential energy loss because of friction 
The Coefficient of Friction.—The relation for the coefficient of friction 
(Eq. 4) was developed for laminar flow. In this region / is a function of 
the Reynolds number only (Chart L, Appendix) for the usual pipe-line 
flow conditions. Above a value of Re of 2,000 the flow is usually turbulent. 
However, there is a critical zone extending from a minimum of Re = 1,200 
to a maximum of Re = 4,000 in which the flow may be either laminar or 
turbulent depending upon the initial flow and pipe-line entrance conditions, 
changes of section, obstructions, etc. 

Beyond the critical zone, there is a transition zone in which the coefficient 
/ depends on both Re and a pipe surface roughness factor (e/d); beyond 
this is the complete turbulence zone in which the coefficient / depends only 
upon the surface roughness factor. The roughness factor and the coeffi¬ 
cient of friction may be evaluated from Chart L, Appendix. 

Flow of Liquids.—^The specific volume and velocity of a liquid flowing 
through a pipe line remain constant. Hence Eq. (4) may be integrated 
between the limits 0 and L, the length of the pipe line, and the work of 
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friction obtained per unit quantity of medium flowing through the pipe 
line. Thus, 

(5) 

Applying the Energy Equation to the medium in the pipe line between 
the entrance and the exit positions, assuming that the liquid temperature 
remains constant because of the heat transfer out of the medium being 
equal to the work of friction, 

PEi + PiF, = PE2 + P2V, + Oout ( 6 ) 

For level pipe lines, or those in which the initial and final potential 
energies are the same, Eq. (6) becomes 

(7) 

where v = specific volume, lb, 

P = absolute pressure, lb, ft^, 
and L = length of the pipe line, ft. 

Example. —Determine the maximum velocity of flow and pressure drop per 1,000 ft 
of 3-in. steel pipe line required for laminar flow of crude oil having a specific gravity 
of 0.925. Re = 2,000 and pipe line temperature is 70 F. 

From Chart K, Appendix, at 70 F,»»= 0.00070. 

The inside diameter of 3-in. standard pipe is 3.07 in. = 0.256 ft. 

Then, w = Rw/d = 2,000 X 0.00070 X 12/3.07 - 5.47 ft/see 

From Chart L, Appendix, at Re — 2,000, / = 0.032. 

Substituting in Eq. (7), 

Pt - Pj 0.032 X X 1,000 X 02.4 X 0.02,5/(64 4 X 0.256) 

- 3,360 = 23 Ib/m.’ 

Example. —Determine the velocity of flow and pressure drop for the foregoing example 
for a value of Re — 10,000. 

Obviously the velocity will be 5.47 X 10,000/2,000 = 27.4 ft/sec. 

From Chart L, Appendix, for commerical steel pipe, the roughness factor is 0.00058. 

From Chart L, at Re = 10,000 and e/d = 0.00058,/ = 0.0318. 

Substituting in Eq. (7), 

- P, = 0.0318 X 2M’ X 1,000 X 62.4 X 0.925/(64.4 X 0.256) 

= 83,600 Ib/ft* = 581 Ib/in.’ 

Flow of Vapors and Gases.—The flow of fluids in a pipe line results in 
friction and heat transfer. Thus, the general entropy equation is appli* 
cable. This is, 


T A*S = KE/ + Qin — Qout 


( 8 ) 
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Flow through a pipe line of appreciable length may be assumed to result 
in an equilibrium condition for the medium at all points along the pipe line. 
Consequently, the path of the process, 1 to 2 (Fig. 148), may be plotted. 
Area C on each of the diagrams represents the same amount of energy.* 
Also, area A on the P~V diagram is equivalent to Hi — and area 
A + C is equivalent to /F dP, 



S V 

Fig. 148.— T~S and P-V diasramB fnr pipe-line processes. 


Then, Eq. ( 8 ) may bo written as follows: 

Area(C + Ii)T-s uiaK = area C />_r aiuK "b area Bt-zi uiok ~ KE; - AO (9) 
or l-/r dP - {Hi - m)] + {Hi - Ih) = KEj - AQ (10) 

or fV dP + {Hi - Hi) + KE; - AO = 0 (11) 

The Energy Equation for the pipe-lino process is 

Hi - Hi = KEi - KEi + AQ (12) 

Combining Eqs. (11) and (12), results in 

JVdP + KEf -t- AKE = 0 (13) 

(14) 


Also, from Eq. (4), 


KEf 



(15) 


Combining Eqs. (13) to (15), results in the general pipe-line equation, 

* This may be proved by assuming that the path 1 to 2 is a frictionless expansion 
in a turbine. Paths 2 to 3 and 3 to 1 complete a cycle enclosing area C on both the P-V 
and T-S diagrams. On the T-S diagram, area C represents the net heat added, and on 
the P-F diagram area C represents the net work. In a cycle these two values are 
equal. Hence, the areas represent the same amounts of energy. 
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± 




= 0 


(16) 


From tho Continuity Equation and the Equation of State for perfect gases, 
„.2 = MW^A^ = 


Hence, 


V_RT A^P^ _ A^P __ tW 
P ^ MmT mtiM-^RT* 


Substituting this value for F/w* in Eq. (16), and integrating with T 
constant, results in 


d* 

155.2mM^T 


(p.’-/v)+4+ 


1 

2 



1 


(17) 


The term 0.5 In W 2 M'i will usually be negligible. Hence, 

Pi' ~ P 2 ' - 77,&fmM^LTId^ (18) 

Example. —Ten moles of air per minute are to be transported through a pipe line 1 
mile in length. The air enters the pipe line at a pressure of 150 Ib/in.^ abs and at a 
temperature of 60 F. The pressure at the end of the pipe line is to be not less than 
130 lb/in.2 Determine the desirable pipe size, assuming an isothermal flow process. 

At 60 F and a mean pressure of 140 lb/in.* abs, the kinematic viscosity v (Chart K, 
Appendix) is about 0.00002 ft*/.see. 


Also, Fmeun = HT/r = 1,545 X 520/(140 X 144) = 399 ftVmole. 

Now, assuming a pipe diameter of 5 m , 


w 


MV 

A 


10 ;^X 144 

60 ^ TT 52 


X 399 = 4S.7 ft/see 


Then, Reynolds no. = wd/p = 1S.7 X 5/(12 X 0.00002) = 1,013,000 

From Chart L, Appendix, the roughness factor for 5-in. commercial steel pipe is 
0.00035. At this roughness factor and the Reynolds number of 1,013,000 the friction 
factor / (Chart L) is 0.0160. 

Substituting in Kq. (18) and solving for d, 


, r77.6 X 0.0160 X 28.97 X (10/60)* X 5,280 X 52011 ^ _ . 

rf = I -ri-P(nb^- 130=)- J = 


Obviously 5-in. pipe is too small and 6-in. i)ipe having an internal diameter of 6.07 in., 
approximately, must be used. Solving again with this pipe diameter results in a final 
pressure of 136 Ib/in.* abs. 

Short linos having small i)r(\ssure drops usually have small changes in 
fluid velocity and sjx'cific A oluine. If those changes are assumed to be 
negligible, the integration of Eq. (16) results in 

* m is the molecular weight of the medium and, when introduced, changes the 
dimensions to a pound basis. Note that MR is the same on either a pound or mole 
basis, but that this in not true of M^R. 
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( 19 ) 

which is the same as Eq (7) which was derived for liquid flow. 


Example. —Steam at a pressure of 250 Ib/in.® abs and 500 F is flowing through a 
3-in. pipe line 100 ft long. The mean velocity of the steam is 100 ft/sec. Determine 
the quantity per hour and the pressure drop. Use extra-strong pipe. 

The internal diameter of extra-strong 3-in. pipe is 2.90 in. The specific volume of 
the steam is 2.151 ft*/lb, Table VIII, Appendix. 

The quantity flowing per hour is 

3,600 X X 100 -5- 2.151 - 7,670 Ib/hr 

4 X 144 


From Chart L, Appendix, at 250 Ib/in.* and 500 F, the kinematic viscosity of steam 
is 0.000032 ft*/8ec, approximately. 

Reynolds no. * wd}v= 100 X 2.90/(12 X 0.000032) = 755,000 
The roughness factor for steel pipe 2.9 in. in diameter (Chart L) is 0.0006, and the 
friction factor / is 0.018. 

Substituting in Eq. (19), 


Pi - P2 


0.018 X ^ X 
64.4 


2.90 


2.151 


538 lb/ft2 = 3.7 Ib/in.* 


Frictionless Flow. —Very short pipes or ducts may be assumed to have 
little or no friction. In this case the second term in Eq. (16), page 279 is, 
eliminated, and 

—dp = w dw/gV (1) 

From the Continuity Equation, 

w/V = M/A (2) 


Thus, for constant area of jnpe cross .section and steady flow M/A is a 
constant and, consequently, 


u\/Vi = W2/V2 == const 

(3) 

Integrating Eq. (1) results in 


Pi - Pi = ^ (Wt - Wi) 

(4) 

= piWi^ — piM)i* 

(5) 


in which p is the mass density. This relation may be used for frictionless 
flow with heat transfer in or out of the medium while flowing through a 
very short pipe. Eq. (5) indicates the ideal pressure drop in a constant- 
area burner. 
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Experimental Evaluation of/.—The general relationship for the pipe-line 
process [Eq. (16) page 279], 


w 


VdP + ^^dL + 



( 1 ) 


may be combined with the Continuity Equation 

MV = Aw 

to eliminate the velocity iorm w. This results in the expression 
f '^ SM^L . , M2 W2 

I y ^ ^ gA^ ti;i 


( 2 ) 

(3) 


Pressure and temperature are determined experimentally at various 
sections along a pipe line between sections 1 and 2. These values indicate 
the specific volume of the medium at the various sections if the medium 
is superheated vapor or a gas. The weight rate of flow is determined 
experimentally. The first term in Eq. (3) may be evaluated by plotting 
1/y vs. P and integrating between Pi and P 2 . The coefficient of / is 
evaluated from the flow rate and pipe-line dimensions. The third term 
is evaluated from the specific-volume, flow-rate, and pipe-line measure¬ 
ments. Thus, / can be evaluated by means of Eq. (3) with experimental 
data on pipe-line flow. 


EXERCISES 

1. Compute the theoretical and actual flow velocities, Mach numbers, and rates of 
flow of air through a well-rounded orifice having an area of 1 in.* Initial conditions 
are 200 lb/in.* abs, 100°R and a negligible velocity of approach. Use pressure ratios 
of Pi/Pi of 0.2, 0.4, 0.6, and 0.8. Also compute the orifice areas for these pressure 
ratios for a flow rate of 1 mole of air per second. Plot the results as in Fig. 125. 

2. Solve Exercise 1 for H 2 O at an initial condition of 200 Ib/in.* abs and saturated. 

3. Solve Exercises 1 and 2 for a ratio of pipe area ahead of the orifice to orifice 
area of 2 to 1. 

4. Design a nozzle for steam with an initial pressure of 200 Ib/in.* abs and a 
temperature of 500 F. The back pressure is 1 Ib/in.* abs. The friction loss in the 
expanding section of the nozzle is 0,15 of the total ideal enthalpy drop. The nozzle 
is to discharge 1 lb of steam per second. 

5. Determine the nozzle-throat and -exit area for a gas turbine. Initial air 
conditions arc 60 Ib/in.* abs and 1800°R. Back pressure is 14.7 Ib/in.* abs. Friction 
loss in the diverging section of the nozzle is 0.10 of the total ideal enthalpy drop. 
Velocity of approach is 200 ft/sec. Compute the Mach numbers for the conditions 
at the throat and exit of the nozzle. 

6. Plot a Fanno line passing through the point representing the condition of the 
steam in the nozzle in Exercise 4 when the pressure is 30 Ib/in.* abs, the friction loss 
at this point being 0.05 of the total enthalpy drop through the nozzle. Then determine 
the maximum possible shock pressure at this section of the nozzle. 
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7. Plot a Fanno line for the air condition at the exit of the nozzle in Exercise 6, 
and determine the maximum possible shock pressure at this section of the nozzle. 

8 . Determine the ideal entrance, throat, and exit areas of a ram chamber for a jet- 
propelled plane flying at a speed of l.,200 mph at an altitude of 40,000 ft. Air flow 
is 100 Ib/sec. Assume a negligible exit velocity. 

9. The air leaving the ram chamber in Exercise 8 is compressed adiabatically and 
reversibly to a pressure 5 times the ram pressure. Determine the ideal work require¬ 
ment of the supercharger. 

10. The compressed air in Exercise 9 passes through the jet burner and is heated to 
2000°R. It then flows through an ideal turbine which drives the compressor. Deter¬ 
mine the exit velocity of the gases and the net thrust of the jet engine. Compute the 
net thrust horsepower and estimate the specific fuel consumption and miles per gallon 
of dodecane. 

11. The entering and leaving velocities of steam over stationary guide vanes are 
1,000 and 950 ft/sec, respectively. Determine the value of y which is the part of the 
initial kinetic energy which is transformed by friction into enthalpy. No pressure 
drop occurs during the process. 

12. Water vapor at 14.7 Ib/in.^ abs pr and saturated enters a row of stationary guide 
vanes with a velocity of 1,000 ft/sec. The pressure drops to 12 Ib/in.® and the velocity 
increases to 1,200 ft/sec. Determine the part of the initial kinetic energy converted 
by fri(5tion into enthalpy, and the final condition of the vapor. 

13. Assume that air is the medium in Exercise 11. Determine the temperature rise 
for the process. 

14. Air enters the stationary blades of a compressor with a velocity of 500 ft/sec 
and leaves with a velocity of 400 ft/sec. Determine the pressure ratio and the tem¬ 
perature rise assuming the initial temperature is 100 F. The adiai)atic efficiency is 0.85. 

15. A fluid issues from a nozzle with a velocity of 2,000 ft/sec at an angle of 20 deg 
to the plane of blade rotation. The turbine blade has the same entrance and exit 
angles and is moving with the optimum peripheral velocity. I'en per cent of the 
initial kinetic energy relative to the blade is dissipated by friction. Determine the 
blade velocity, blade angles, and the work per pound of steam per second flowing over 
a row of such blades. No pressure drop occurs in the blades. 

16. The moving blades of a compressor have equal entrance and exit angles of 30 deg. 
The blade speed is 1,000 ft/sec. The air is approaching the moving blades with an 
axial velocity direction. 

a. Determine the desirable value for the absolute velocity of approach and absolute 
leaving velocity assuming a 10 per cent kinetic energy loss in flowing over the blade. 
The pressure is assumed to remain constant. 

h. Also, determine the work done by the blades per pound of air per second flowing 
over the blades. 

17. Water vapor at 14.7 Ib/in.* abs pr and x — 0.96 approaches a row of moving 
blades with a relative velocity of 1,200 ft/sec. The pressure drops to 10 Ib/in.* during 
flow over the blades. The blades have entrance and exit angles of 60 deg. The 
regenerative effect y is 0.10. The blades are moving with a peripheral velocity of 
1,000 ft/sec. Determine the final condition of the vapor, its final velocity, and the 
work per pound of vapor per second flowing over the blade. 

18. Assume that the air flowing over the moving blades in Exercise 16 has its velocity 
reduced to 0.5 of the relative entering velocity while the pressure is increased with an 
adiabatic efficiency of 0.85. Determine the pressure ratio and work required per 
pound of air per second flowing over the blades. 
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19. Make a preliminary design of a centrifugal compressor rotor and diflFuser to have 
a pressure ratio of 2:1, and to compress 5,000 lb of air per hour. The air approaches 
the rotor at a pressure of 14.7 Ib/in.® abs and a temperature of CO F, and with a velocity 
of 300 ft/sec. 

20. Make a preliminary design of the first set of moving and stationary blades for 
an axial-flow compressor to compress the air in Exercise 19. The pressure ratio for 
the set of blades is 1.25 to 1. 

21. A turbine is to operate between conditions of 250 Ib/in.^ and 500 F, and 2 in. 
Ilg abs pr. The turbine is to be of the velocity type with four stages of pressure 
compounding, the first pressure stage having two velocity stages while the others 
have each one row of velocity blades. Assume a regenerative effect across each blade 
of 0.07 of the entering relative KEy and of 0.10 of the H drop for each nozzle. Assume 
pressure droi)s for each pressure stage such that the peripheral velocity will be about 
the same. Determine the work per pound of steam per second, the ratio of the work 
to the ideal II drop, and plot the condition curve on an II-S diagram. 

22. Determine the minimum size of pipe Ime and the pressure drop per 1,000 ft to 
transport 250 gal of oil per minute with viscous flow. The oil has a specific gravity 
of 0.92 and an absolute viscosity of O.CO poise. 

23. Compute the pressure, specific volume, and velocity of air for each mile length 
of pipe in the example on page 279 until the air pressure is 14.7 Ib/in. Determine the 
actual length of pipe line, and plot the pressure, velocity, and specific weight against 
pipe-line length. 

24. Air enters a 5-in. pipe with a velocity of 500 ft/sec. The pressure is 50 Ib/in* 
abs and the temperature is 100 F. 7000 Btu are added to each mole of air. Determine 
the pressure, temperature, and velocity of the air leaving the pipe, assuming fnctionless 
flow. 
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THERMODYNAMIC RELATIONS AND PROPERTIES OF MEDIUMS 


Tables of properties of mediums usually contain values for the coordi¬ 
nates Pj V, and T, values for the energy properties U and H, and values 
for S. The latter three may also be used as coordinates, for they are 
functions of the state of the substance only. 

The development of the various tables of data for the various mediums 
is dependent upon experimental data and thermodynamic relationships. 
The experimental data consist usually of the following: 

1. Pressure-temperature data for saturated mediums. 

2. Specific-volume data for saturated liquid, saturated vapor, and 
superheated vapor. 

3. Specific heats for saturated liquid. 

4. Specific heats for liquid and for superheated vapor, both at constant 
pressure. 

5. Latent heats of vaporization. 

6. Pressure-tempc'rature data for throttling experiments with vapor. 

Experimental results provide data for the formulation of equations of 

state between the coordinates P, F, and T, 

Thermodynamics and mathematics provide relationships between the 
various coordinates and properties by means of which the experimental 
data may be checked for thermodynamic consistency. 

Equations of State. —These are relations between the coordinates P, F, 
and T, Some of these equations are based on the Kinetic Th(»ory of 
Gases and others are purely empirical. The perfect-gas Equation of State 

PF = RT (1) 

was first developed from experimental data and later derived from the 
Kinetic Theory of Gases. This equation is correct for gases at zero 
pressure but may be used for real gases with little error at low pr(^ssures 
or whenever the conditions arc such that the internal energy or enthalpy 
of the medium is very nearly a function of the temperature (see page 53). 

Many equations of state have been developed and used in the formulation 
of properties of mediums, but none satisfies the experimental data except 

*MaTiy relationships between the coordinates and properties of mediums may be 
developed. See Bridgman, P. W., ‘‘A Condensed Collection of Thermodynamic 
Formulas,*’ Harvard University Press, 1925. 
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for a limited range These equations range from the comparatively 
simple equation of van der Waals proposed in 1873, 

(p + (7 - 6) = RT (2) 

to complex relations such as that of Beattie and Bridgeman* 

+ (3) 

The National Bureau of Standards developed the relation 

V = + -^ + ( 4 ) 

for ammoniat vapor. All equations of state should satisfy certain criteria,f 
one of which is that of approaching the perfect gas relation as P approaches 
zero. 

Modern physics has added considerably to the knowledge of the forces between 
molecules that cause deviations from the perfect-gas equation. These forces are 
usually expressed in the form of an intermolecular potential energy, Ej which is a 
♦Beattie, J. A., and O. C. Bridqeman, Pro. Am. Acad. ArtsSci.f 63, 229-308 (1928). 
t All equations for aiiiinonia were obtained from the Nat. Bur. Standards, Cir. 142 
(1923). The following table contains the data for these equations. 


Constant 

Equation number 

(4) 

(7) 

(32) 

(33) 

A 

0.6301952 

2.55743247 X 10 

7.00959 X 10 

0.019540 

B 

3.18228 X 107 

3.29512.54 X 10^ 

2.3577 X 107 

1.7083 X 107 

C 

3.80220 X 1027 

0.4012471 

8.451 X 10*7 

7.747 X 10” 

1) 

2.29909 X 102« 

4.14S27!) X 10-' 

2.555 X 102« 

2.3421 X 102« 

E 

1.1778 X 103« 

1.475!KMo X 10 ' 

7.272 X 1037 

0.908 X 10*^7 

F 

0.041648 


0.007714 

0.2087723 

G 

1 


0.269005 

3.10094 X 10~^ 

I 



1.58047 X 10"^ 

3.3048 X 10 

K 



2.02303 X 10* 

0.028403 


/i(P) « (5300 - 32P -f 0.10132P* - 0.0000992P«)10-«. 

/j(P) » ^P(982 - 2.904P -t- 0.006255P2 - 0.00000459P*)10-*. 

t Dodge, B. F., ‘'Chemical Engineering Thermodynamics,” pp. 152-201, McGraw- 
Hill Book Company, Inc., New York, 1944. 
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function of the distance r between two molecules and can be calculated by means of 
the principles of quantum mechanics. 

It is now customary to write the Equation of State of an actual gas as an expansion 
in inverse powers of the volume. Thus, 

PV = RT(\ + ^ + £ + ... ) (O) 

The coefficients 1, B, etc., are called nrial coefficients. For sufficiently low pressures 
the series may be terminated after the second term, and B may be computed from the 
relation 


= 27rAr / (l - 


in which N is the number of molecules f)er mole of gas and k is the Boltzmann constant, 
R/N. 

Van der Waals’ equation may be expanded as . 
follows: I 


PV^Rr + Pb-^ + ... (c)+ Repulsion 

and, if P is approximated by RTIV^ 

PV = + -■ ~ + • • • ) (rf) ^ 

Attraction 

From lOqs. (a) and (d), the second virial co- ~ 
efficient B, in Eq. (a), is 

B - 6 - aIRT (c) 

Equation (e) is in agreement with Eq. (6) if E f,o. 149.—Variation of intennolec- 
varies with r as indicated in Fig. 149. In this ular potential energy with distance 
illustration ro is the distance between molecules between molecules, 
at which very strong repulsion and very high interrnolecular potential energy are present. 

r? 



Repulsion 

>0 



Since for r < r©, 0, Eq. (6) becomes 

r 

B = 2irN I dr + 2jr/ 


(‘ - ‘‘ 0 ’ 


Also, for sufficiently high temperatures (ordinary conditions), E << and the 
second integrand is Er^/kT. Hence, 

fi = I TiV ro> + '°Er^ dr (g) 

Comparing Eqs. (c) and (^), 

Van der Waals^ h = 2irVro*/3, from which r© may be computed if b is known. Also, 
Van der Waals^ o j Er^ dr, from which E may be evaluated if a is known. 

The perfect-gas equation is used extensively for the evaluation of the 
properties of mediums by introducing the compressibility factor Z. Thus 
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PV = ZRT (5) 

The compressibility factor is evaluated from experimental determinations 
of the specific volume at various pressures and temperatures (see Table 
XXIII, Appendix). A plot of the compre-ssibility factor vs. pressure for 
various tempei’atures indicates the effect of pressure and temperature on 
deviations from the perfect-gas state (sec Charts F and G, Appendix). 
The use of reduced coordinates (page 59) provides the generalized charts 
referred to, which may be used for evaluating coordinates and properties 
with a fair degree of accuracy if only the critical conditions are known. 

The deviation from the perfect-gas relationship is also indicated by the 
residual volume (Chart E, Appendix) which is defined as 

r = HT/P - F = (1 - Z) RT/P (6) 

The relation between P and T for the saturated condition is usually of 
the form 

logic P = A - B/T - C logic T - DT ^ ET^ (7)* 

which was developed for ammonia. 

Relations between P, V, T, and S (Maxwell Relations).— The Energy 
Equation for a nonflow' process without chemical reaction is 

AU + AW + AQ = 0 (8) 

in which AU = Uz — Ui, 

AW = Fout - ir.„, 

and AQ — Qout *“ Qm* 

For an increment of change, Eq. (8) may be written 

dU + dW + dQ = 0 (9) 

The entropy equation for a reversible process of increment change is 

dS = -dQ/T (10) 

The definition of enthalpy provides the relationship 

H = U + PV (11) 

which is useful for constant-pres.sure processes. Thus, holding P constant, 
dH = dU + P dV = —dQ (12) 

Two other relations betrt’een coordinates and properties have been 
developed and found useful for constant-temperature processes. These are 

* Ibid., p. 288. 
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Fv ^ U - TS (13) 

and Fp^ H - TS (14) 

Differentiating Eq. (13), holding T constant, 

dFv = dU - TdS = -dWv (15) 

in which dU and dWv are increments of energy in the most comprehensive 
sense, i.e.y including chemical energy, electrical energy, work, etc. 
Differentiating Eq. (14), holding both T and P constant, 

dFp = dU + PdV - TdS ^ -dWv + P dV = -dWp (16) 

The term free energy has been applied to both functions Fy and Fp, 
but is now us('d almost exclusively for the latt(T function. The former 
is termed the Helmholtz function and the latter the Gibbs function. 
Equations (15) and (16) indicate that chemical equilibrium will be attained 
in a reaction ])rocess when F is a minimum since the work of reaction will 
Warn ho a maximum. If a syst(‘in is not in equilibrium, th('re is a possibility 
for a spontaneous change and this j)()ssibility is indicated by the difference 
between the F values of the system in its given condition and at the 
condition at the end of the assumed spontaneous change. 

Obvious combinations of Eqs. (9) to (14), result in the following 
relationships: 

dU = T dS - PdV (17) 

dll = T dS + V dP (18) 

dT - P dV (19) 

dFp = -SdT +V dP (20) 

Applying Eq. (17) to a constant-volume process results in 



Likewise, Eq. (18), for a constant-pressure process becomes 



The last relationship may Ix' used to check the consistency of the data 
given for //, Sy and T. 

Example.—C^hock the consistency of the Keenan and Keyes steam tables at a pressure 
of 100 Ih/in. abs and a temperature of 540 F 

This may be done approximately by determining AH and Aa?? for the range of tem¬ 
perature from 520 to 560 F. Thus, 



292 


THERMODYNAMICS 


T 

H 

S 

660 

1309.1 

1.7389 

520 

1289 2 

1.7189 

Difference... 

19.9 

0 0200 


- IM 
V ASjp 0,02 


* 995'‘R 


535 F 


The slope of the 100-lb pressure line at 540 F on the H~S diagram will provide a 
more accurate check. 


The properties U, H, Fv, and Fp are functions of the state only, and 
consequently, (Eqs. (17) to (20) are exact dififerentials. The application 
of the test for exact differentials* to these equations results in the following 
Maxwell relations: 

(ff). - (“) 

G/'X' G«)r 


Example. —Equation (26) indicates that if volume passes through a minimum with 
temperature change, while holding pressure constant, there will be no change of entropy 
with pressure while holding temperature constant. This occurs with liquid H 2 O at 
about 39.2 F for a pressure of 14.7 Ib/in.* abs and indicates that this pressure line 
should cross the saturated liquid line at this temperature on the TS diagram. 


The right side of both p]qs. (25) and (26) may be evaluated by per¬ 
forming the partial differentiation indicated upon the Equation of Stat(' 
for the desired region. This results in an expression for the left side of 
these equations which may be used to check the consistency of the 
properties indicated. 

Energy and Entropy Equations.— The heat transferred to or from a 
medium depends upon the path followed and may be evaluated in terms 
of any two coordinates. Thus, 

* The differential of the first coefficient with respect to the second variable [on the 
right side of Eqs. (17) to (20)] is equal to the differential of the second coefficient with 
respect to the first variable if the expression is a point function. 
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T dS = —dQ, and combining with Eq. (26). 

Hence, Eq. (27) becomes 

-dQ = cvdT T{^^dV (A) 

In like manner, 

-dQ = c^dT - T(^^^dP (B) 

Equations (A) and (B) an' not exact differentials since Q depends upon 
the path followed instead of the state of the substance. 


Since, dU = -dQ - dW 


dU . Cy.lT + - r]iv 

(C) 

In like manner, 



(D) 


This equation indicates that the enthalpy change between any two 
conditions depends on a temperature and a pressure effect. Values of 
H for various gases at P = 0 and at various temperatures are obtained 
by adding U and PV values given in Table XIX, Appendix. These 
values of H are the equivalent of those which might be computed from 
/cprfT, if Cp is a function of temperature only. 

The effect of pressure includes the term {hV/bT)p. Differentiating 
Eq. (6), holding P constant, results in 

{bV/bT)p = R/P - {bv/hT)p (28) 

Combining Eqs. (6), (28), and (D) and integrating with T constant result in 

{Hp - H,)t = ^n5v/5T)p - dP (29) 


but 

since 


Values of v can be obtained from such plots as Chart E, Appendix, and 
values of {6v/ST)p&rQ the slopes of the isobaric plots of v and corresponding 
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T values. The bracketed term may be plotted against P and the integral 
evaluated graphically. 

It has been shown in the development of Eq. (^4) that 


-{§X - 

Also, in the saturated region, 

VsWr V.,. 


Therefore, 



(E) 


This is known as Clapeyron’s equation and is useful in checking H/g, 
and the effect of pressure on the temperature of evaporation, freezing, 
and sublimation. 


The Clapeyron equation may be trauhforn»e(l to a reduced basis which results in 



By dividing Eq. (a), which refers to the medium of unknown data, by the same equa¬ 
tion using primes as superscripts to indicate the reference medium results in 

dTr ^ Uf.'Vf y TrPc ( 6 ) 

d7V Hf.Vfo'Tr'P/ 

at the same reduced pressure. 

Eliminating V fglV sa by assuming the compres.sibility factors in the Equation of State, 
PV « ZHTj arc equal for the unknown and reference mediums at the same reduced 
pressure results in 

dTrlT r^ ^ Hu/Tc (c) 

(ilV/dV)^ IlfgTo' 

Integrating this expression between the limits Tr = 7V and T, = 1, assuming that 
lljo IHjg is constant at the same reduced pressure, results in 

(1/rr) - 1 _ Hfg'Tc {dr 

{MT’) - 1 HsoT; 

Equation (d) may be used for evaluating vapor pressures and latent heats for various 
temperatures i)rovided the vapor pressure of the unknown medium is known at one tem¬ 
perature and also that the critical pressure and temp(*rature are known. This is accom¬ 
plished by evaluating T/ for 7/^0 (or any other well known medium) and 7V for the 
unknown, both at the same reduced pressure. Thus, the left side of Eq. (d) may be 
evaluated. Also, since the reduced temperaturcvs of various mediums are nearly the same 
for the same reduced pressures, botli the left and right aides of Eq. (d) may be equated to 
the value determined for the left side for the one vapor pressure known. These two 

* Slcun, Leonard, Correlating Vapor Pressure and Latent Heat Data, Ind. Eng. 
Chern., 38, 402 (1946). 
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equations may be used for evaluating the saturation temperatures and latent heats for 
various pressures for the unknown medium. 

Equations for entropy are obtained from Eqs. (A) and {B) by dividing 
by T. Thus, 



CydT (h 

dS = -y- + 


(F) 

and 

•y CpdT /d 

T ~\i 


(G) 


Combining Eqs. (28) and (G) results in the expr(\ssron for entropy in 
terms involving the residual volume. Thus, 


Bp — 




(30) 


Relations between P, V, T, and the Specific Heats. —The entropy of a 
mc'dium is a function of the state and consequently Eqs. {F) and (G) are 
exact differentials. Ap])lying the test for exactness results in 



1 /Sf A 

T\dV)r ~ \STdv 

(H) 

and 

1 /5(A /5»F\ 

T\5P)r \8T0 p 

(/) 


Equation (/) is known as the ( Inimi/s relation. It is useful for cheeking 
the specific-heat data in the superheated region with the Equation of 
State for the* same rc'gion. 

Eliminating B b(*t\\('en Eqs. (F) and (G) results in 


Cp — Cv — 



/WA dV' 

\8f)v dT^ 


If either P or V is held constant, the result ^^ill be the same, namely, 


Cp — Cy — I 



(J) 


The Throttling Relationship.— The Energy Equation for the throttling 
process is //i = II 2 or dH = 0. Writing H as a function of T and P, 

+(S)/p 

Changing CS). to Cp and applying the resultant equation to the 
throttling process result in 
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The left side of this equation is known as the Joule^Thomson coefficient. 
Evaluation of the right side of this equation by performing the indicated 
differentiation on the II equation [see Eq. (/))], results in a relationship 
that may be used to check the results of throttling experiments or the 
accuracy of the H equation. 

Application of Relationships. Perfect Gases .—The Equation of State for 
perfect gases is 

PV = RT 

Performing the partial differentiation of V with respect to T holding 
P constant results in 



From Eq. (/) 

- /- 

Hence Cp is not a function of the pressure for mediums in the perfect- 
gas state. 

From Eq. (D), in which H is a function of T and P, it is obvious that 
Cp may also be a function of these two variables or a constant. It has 
already been shown that Cp is not a function of P. Therefore, it is a 
function of T only or a constant. 

Substituting the value 

(dV\ 

\hT)p P T 

in Eq. (P) results in 

dH = Cp dT 

Thus ff is a function of T only, for a perfect gas, and from Eq. {K) 



Since Cp cannot be zero, the Joule-Thomson coefficient must be zero, 
inaioating no change in the temperature of a perfect gas undergoing a 
throttling process. With the exception of hydrogen, actual gases initially 
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at pressures near atmospheric experience a slight temperature drop for 
the throttling process. The temperature of hydrogen increases slightly 
for this process. 

Superheated Ammonia .—The relationships for mediums near the 
saturated-vapor condition are usually complex. Equation (4), page 288, 
is the Equation of State for ammonia vapor. 

The relation for enthalpy, Eq. (£)), requires the first derivative of V 
with respect to T, holding P constant, and an expression for cp, which 
requires the second derivative, also with P constant, Eq. (7). Thus, 


/^\ ^ A (W 


+ 11 


C + DP 


-h 19- 


+ MP) 


and 


Substituting the last expression in i^]q. (/) and solving for 
cp = p(^ + 132- ^,f +/(T) 

KS), - =(¥+ 


(31) 


-f DP 


EP^\ 

+ 20fr,) + P 


The last two exi)ressions are the coeflScients of the variables in Eq. (D), 
w hich is an exact diff('rential. If the function of T is given the form 


f{T) + G +IT 


H = A \n T 


p(y‘ + '2 


C + 


D 


jJ- + ^^^) + FP + GT + ^-^+K 


C'onsolidating the constants into new values,* 


A log,,, T - p (|-3 + + FP + GT + IT> + K (32) 

The equation for S is developed in a similar manner. Thus, 

S — A logic T — d-jnl- ^ T^J ~ ^ ~ f 

+ MP) + K (33) 

Use of Compressibility Factors or Residual Volumes. —^The evaluation of 
* See data on p. 288. 
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H and S for actual mediums may be accomplished by the use of residual 
volumes, perfect-gas data, and Eqs. (29) and (30). 

Example. —^Determine the enthalpy of CH 4 at 240 F and 4,000 Ib/in.* pr. ^ plot 
of V vs. T for 0, 1,000, 2,000, 3,000, and 4,000 Ib/in.® pr (Fig. 150) permits the deter¬ 
mination of the slope {dv/6T)p at 240 F for the various pressures. 

The bracketed term in Eq. (29) is evaluated as follows: 


p 

0 

1,000 

lb/in.2 

2,000 

lb/in.2 

3,000 

lb/in.2 

4,000 

lb/in.2 

{Sv/BT)p X 10‘ftV(lb X “R) 

-11.74 

-11.07 

-9.05 

-7.26 

-5.48 

T{&v/6T)f . 

-0.0822 

-0.0775 

-0.0634 

-0.0508 

-0.0384 

V, ft’/lb. 

0.0180 

0.0142 

0.0096 

0.0046 

-0.0002 

[T{Bv/iT), -v] . 

-0.1002 

-0.0917 

-0.0730 

-0.0554 

-0.0382 



Temperoiture,®F 

Fia. 150.—Determination of {dv/dT)p, (This plot is based on data in Chart E, Appendix.) 

The plot of the bracketed term vs. P (Fig. 151) is integrated graphically. For an 
approximate solution the mean height of the curve is estimated to be —0.073 ftVlb. 
Thus, (Hp - Ho) 240 F = -0.073 X (4,000 - 0) X 144/778 * -54.1 Btu/lb. 

From Table XIX, Appendix, H at 240 F = 2671 Btu/mole 

Then, H at 240 F and 4,000 lb/in .2 = 2671 - 16 X 54.1 = 1805 Btu/mole 

The value for internal energy may be obtained by subtracting the value 
for PV from In the foregoing case V would be determined from Eq. (6). 
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In evaluating S from Eq. (30) it is customary to assume that the 
perfect-gas data are the actual data at a pressure of 1 atm. Thus, the 
integration is made from this pressure to the pressure of the medium. 




Fia 151 —Evaluation of H pressure- 
correction for methane 


Fiq 152 —Evaluation of S pressure— 
correction for m thane 


Example.—Deterinme the entropy of CH4 at 240 F and 4,000 Ib/in * pi assuming that 
the / {cp/T)dT values in Table XXII, Appendix, are for a pressure of 14 7 Ib/m * abs 
The {hi /bT)idP may be evaluated giaphically from a plot of {bi/bT)t P 
(Fig 152) For an approximate solution of the right side of Eq (30), the mean height 
of the curve is estimated at —9 X 10~^ ft®/(lb X °R) Then, 

r4 :000 

/ (bv/bT)pdP = -9 X 10-« X (4,000 - 14 7) X 144/778 

•'14 7 = _0 0664 Btu/(lb X ®R) 

ri 000 

/ R dP/P = 1 985 ln(4,000/H 7) = 11 13 Btu/(inole X “R) 
yi4 7 

^4,000 - ^\4 7 = -16 X 0 0664 - 11 13 « -12 19 Btu/mole X ®R) 

From Table XXII, Appendix, atm = 1 26 Btu/(molc X °R) 

Then, ^4,000 = 1.26 - 12.19 = -10 93 Btu/(mole X °R) 

The enthalpy of a mixture of mediums is evaluated from the relation 

Hp = mH)A + {MH)b]p-o + j\sH/8P)TdP (34) 

in which the bracketed term is the summation of the perfect-gas enthalpies 
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of the constituents A and B at the mixture temperature, and the correction 
factor refers to the mixture. 

From Eq. (29), page 293, 

Example. —Determine the enthalpy and internal energy of a mixture of CH 4 and CO 2 
having a 0 3583 weight fraction of CH 4 at a pressure of 3,000 Ib/in * and a temperature 
of 160 F. 

Assume 1 mole of CH4 Then, (16 X 0 6417)/(0 3583 X 44) « 0 651 moles of COa 

From Table XIX, Appendix, at 620°R, 

Hcq^ = 1952 Btu/mole 11 cn^ = 1924 Btu/mole 

/fmix(ideal) = 0 651 X 1952 -f 1924 = 3195 Btu 
** « 1935 Btu/mole of mixture 

At 3,000 Ib/m» 


T 

100 F 

160 F 

220 F 

280 F 

V = RT/P . 


2 217 

2 430 

2 643 

Z, Table XXIII. 



0 8739 

0 9226 

(1 - z)y «v . 

0 579 



0 204 


The values of residual volume, (1 — Z) K, were plotted against temperature and the 
slope at 160 F was found to be ~2 38 X 10“ftVflb X ®R). 

The same procedure was followed for other pressures with the following results 


P 

200 Ib/in * 

1,000 Ib/in * 

2,000 Ib/in » 

3,000 Ib/in » 

(Sv/ST)p X 10«. 

-3 35 1 

-3 33 1 

-3 36 

-2 38 

T(Sv/ST)p . 




1 476 


0 712 

0 681 


0 434 

(6///6P)r, Eq (35) 

-2 787 

-2 746 

-2 669 

-1 910 


Plotting these values against pressure and evaluating the area beneath the curve 
resulted in a value for of — 14b5 Btu/mole of mixture 

H at 3,000 Ib/in * and 160 F = 1935 — 1465 = 470 Btu/mole of mixture 
Also, PV = ZRT = 0 8043 X 1 986 X 620 == 990 Btu/mole 

= i/ - PK = 470 - 990 = -520 Btu/mole 

The entropy of a mixture of actual gases is the sum of the entropies of 
the constituents, assuming perfect-gas relationship, corrected for the eflFect 
of pressure on entropy. Usually a pressure of 1 atm for the mixture is 
close enough to perfect-gas conditions, and the entropy under this condition 
is determined as indicated in the example on page 106. 
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The correction for pressure Eq. (G), Appendix, is 

< 36 ) 

/*^ dT M 

Hence, / Cp-^ - "^MR In 

in which M represents the number of moles of each constituent. 

The correction factor for pressure may be written in terms of the residual 
volume. Thus, from Eq. (28) page 293, 





(38) 


Example.—Determine the entropy of a mixture of 1 mole of CII4 anti 0.651 moles of 
CO2 at a mixture pressure of 3,000 Ib/in.* and a temperature of ICO F. 

The entropy of this mixture at 1 atm total pressure is 4.784 Btu/mole X ®R). This 
is the value of the first two terms on the right side of Eq. (37). See the example on 
page 106- 

From the data in the example on page 300, the values of {6v/BT)p for the mixture 
may be plotted against pressure and the area integrated. The mean value for {Bv/6T)p 
for the mixture is about —3.28 X 10“». Thus, 

XM dP = -1-651 X 3.28 X lO'* X 2985 X 144/778 = -2.992 Btu/'R 

- XMrJ^ ^dP/P = -1.651 X ln(2985/14.7) = -8.773 Btu/°R 

Total pressure correction = —11.765 Btu/°R 
iSmix = 4.784 - 11.765 = -6.981 Btu/(1.651 moles X "R) 

EXERCISES 

1. Prove the following for perfect gases: 

a. Cv is independent of volume. 

b. U is & function of the temperature only. 

c. Cp — Ck = a constant. 

2. Develop the expressions for volume F, and V/ve in terms of critical and reduced 

pressure, temperature, and residual volume. ylrw. F = RTeTr/PePr — VeVr. 

3. Develop the expression for ln(//P), in which / is the fugacity, in terms of critical 
and reduced pressure, temperature, and residual volume. 

4ns. ln(//P) = - ^rJ^'vrdPr. 

4 . Assume that the vapor pressure of ammonia is known only at 0 F (see Table IX). 
Determine the saturation temperature and latent heat of ammonia at 200 Ib/in.* abs 
based on reduced coordinates and the properties of HjO. 
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5. Develop Eqs. (/) and (/) in terms of critical and reduced values. 



6 . Derive the National Bureau of Standards equation for S for ammonia vapor. 

7. At some assumed temperature compute all the properties of saturated ammonia 
listed in the ammonia table with the exception of F/. 

8. Determine the enthalpy and entropy of CHi at 240 F and 2,000 Ib/in.* abs, 
using data obtained from Figs. 150 to 152. 

9. Evaluate and plot the residual volumes for a mixture of CHi and CO 2 having a 
0.3583 weight fraction of 0114 at the temperatures listed in Table XXIII, Appendix. 

10, Evaluate the enthalpy per mole of mixture at 220 F and 3,000 Ib/in.^ from the 
data determined in Exercise 9. 

11. Determine the entropy of 1 mole of a mixture of CH 4 and CO 2 having a 0.3583 
weight fraction of CH 4 at 220 F and 3,000 Ib/in.* from the data evaluated in Exercise 10. 

12. Solve the constant-volume cooling process in the example on page 107 considering 
deviations from perfect-gas behavior. 

13, Solve the nonflow adiabatic isentropic process in the example on page 108 con¬ 
sidering deviations from perfect-gas behavior. 
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Table I. —Relation or Energy Units 


Watt-second 

(watt-sec) 

Foot-pouod 

(ft-lb) 

British 
thermal unit 
(Btu) 

Horsepower- 

hour 

(hp-hr) 

Kilowatt- 

hour 

(kw-hr) 

1 

0.738 




1.355 

1 

1.285 X 10-* 



1.055 

778 

1 



2.684 X 10« 

1.980 X 10* 

2544 

1 

0.745 

3.600 X 10® 

2.656 X 10* 

3413 

1.341 

1 


Table II.— Specipic-heat Equations 


Gas 

Symbol 

Equation for Cp in Btu/(mole X ®R) 

Range, "R 

Source 

Oxygen . 

O 2 

172 1530 

.,=11.515-— +if2 

540 -5000 

1 


Nj 

^ 3.47 X 10* . 1.16 X 10« 

540 -5000 



Cp 9.4 1 2? 1 rjff 


Air . 


36.1 2387 . 0.905 X 10« 

540 -5000 

\ 





Hydrogen . 

H* 

0.578 20 

Cp = 5.76 + ^ 

540-5000 

1 

Carbon 


3.29 X 10» . 1.07 X 10» 



monoxide... . 

CO 

Cp - 9.46 y + j,, ' 

540 -5000 

1 

Steam . 

H 2 O 

597 7500 

.,=19,86-^+^ 

540-5000 

1 



6.53 X 10* 1.41 X 10« 



Carbon dioxide 

CO 2 

- 10.2 y + y, 

540-6300 

1 

Carbon. 

c 

Cp = 0.7041 -f- 3.4S8 X 10 * T - 0.556 X lO’" T* 

491.6-1440 

1 2 

Methane . 

! CH 4 

Cp = 4.22 -f- S.211 X 10-* T 

491.6-1800 

3 

Ethylene. 

02114 

Cp = 6.0 + 8.33 X 10-a T 

720-1440 

3 

Ethane 

02116 

Cp = 0.6 + 13.33 X 10-3 T 

720-1440 

3 

Ethyl alcohol 

OilloO 

Cp = 4.5 + 21.1 X 10 * T 

680-1120 

3 

Methyl alcohol 

CH4() 

Cp = 2.0 + 16.67 X 10-» T 

680-1100 

3 

Benzene. .. 

Cdle 

Cp - 6.5 + 2S.9 X 10 * T 

520-1120 

3 

Octane. 

Cslllh 

Cp = 14.4 + 53.3 X 10-* r 

720-1440 

3 

Dodecane... 

C 12 I 126 

Cp = 19.6 -f hO.O X 10-* T 

720-1440 

3 


Data sources: 

1. SwEiGERT, R. L., and M. W. Beardsley, Ga. School of Technology, Slate Eng. Exp. Sta. Bull. 2 (1938). 

2. Schwarz, Carl, Arch. EiaoihUtlenw., 9, 389 (1936). 

3 Parks, G. S., and U. M. Huffman, A.C.S., Mon. 60 (1932)' 
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Table III.— Standard Atmosphere 

N.A.C.A., Tech. Rept., 538 (1935). 


Altitude, 

ft. 

Pressure, 
in. Hg 

Temperature, 

Altitude, 

ft 

Pressure, 
in. Hg 

Temperature, 

"F 


34.61 

73.3 

17,500 

15.25 

- 3.46 


33.31 

69.7 

18,000 

14.94 

~ 5.26 


32.15 

66.1 

18,500 

14.63 

- 7.06 



62.6 

19,000 

14.33 

- 8.68 



60.8 

19,500 

14.04 

-10.48 

Sea level 

29.92 

59.0 

20,000 

13.75 

-12.28 


29.38 

57.2 

21,000 

13.18 

-15 88 


28.86 

55.4 

22,000 

12.63 

-19 48 


28.33 

53.6 

23,000 

12.10 

-23.08 

2,000 

27.82 

51.8 

24,000 

11.59 

-26.50 


27.31 

50.0 

25,000 

11.10 

-30.10 


26.81 

48.38 


10.62 

-33.70 


26.32 

46.58 

27,000 

10.16 

-37.30 


25.84 

44.78 

28,000 

9.72 

-40.90 


25.36 

42.98 

29,000 

9.29 

-44.50 

6,000 

24.89 

41.18 

K9RS1H 

8.88 

-47.92 

5,500 

24.43 

39.38 

31,000 

8.48 

-51.52 

6,000 

23.98 

37.48 

32,000 

8.10 

-55.12 

6,500 

23.53 

35.68 

33,000 

7.73 

-58.72 

7,000 

23.09 

33.88 

34,000 

7.38 

-62.32 

7,500 

22.65 

32.08 

35,332 

6.93 

-67.00 

8,000 

22.22 

30.56 

36,000 

6.71 

-67.00 

8,500 

21.80 

28.76 

37,000 

6.39 

-67.00 

9,000 

21.38 

26.96 

38,000 

6.10 

-67.00 

9,500 

20.98 

25.16 

39,000 

5.81 

-67.00 

10,000 

20.58 

23.36 


5.54 

-67.00 

10,500 

20.18 

21.56 

42,000 

5.04 

-67 00 

11,000 

19.79 

19.76 

44,000 

4.58 

-67 00 

11,600 

19.40 

17.96 

46,000 

4.16 

-67.00 

12,000 

19.03 

16.16 

48,000 

3.781 

-67.00 

12,500 

18.65 

14.36 


3.436 

-67.00 

13,000 

18.29 

12.56 

52,000 

3.124 

-67.00 

13,600 

17.93 

10.94 

54,000 

2.839 

-67.00 

14,000 

17.57 

9.14 

56,000 

2.581 

-67.00 

14,500 

17.22 

7.34 

58,000 

2.346 

-67.00 

15,000 

16.88 

5.54 


2.132 

-67.00 

15,500 

16.64 

3.74 


1.938 

-67.00 

16,000 

16.21 

1.94 


1.761 

-67.00 

16,500 

15.89 

0.14 

66,000 

1.601 

-67.00 

17,000 

15.56 

- 1.66 


1.455 

-67.00 
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Table IV. —Critical Data 



1 

Molecular 

Critical 

Critical 

Critical 

Data 

Medium 

Symbols 

weight 

temp, 

pressure, 

volume, 

source 





lb/in.2 abs 

ftVmole 



Hydrocarbons 


Methane. 

CH4 

16.032 

343 

673 

1.59 

1 

Ethane. 

C2H« 

30.048 

549 

717 

2.20 

1 

Propane. 

CsH, 

44.064 

665 

617 

3.12 

1 

n-Butane. 

C.H,„ 

58.080 

766 

529 

4.01 

1 

n-Pentane. 

CaH., 

72.096 

846 

485 

4.98 

1 

Benzene. 

C,H, 

78.048 

1010 

701 

4.11 

1 

n-Hexane. 

CeHu 

86.112 

915 

433 

5.88 

1 

n-Heptane. 

CrH,, 

100.128 

972 

394 

6.84 

1 

n-Octane. 


114.144 

1024 

361 

7.85 

1 

n-Decane. 

C10H22 

142.176 

1115 

311 

9.78 

2 

Dodecane. 


170.208 

1195 

272 

12.08 

2 

Toluene. 



1069 

611 

5.04 

2 


Alcohols 


Ethyl alcohol. 

CoHcO 

46.048 

929 

— 


2 

Methyl alcohol. 

CH4O 

32.032 

924 

IH 


2 


Miscellaneous 


Ammonia. 

NH, 

17.040 

730 

1638 

1.16 

2 

Carbon monoxide.... 

CO 

28.000 

242 

508 

1.44 


Carbon dioxide. 

CO2 

44.000 

547 

1071 

1.54 

3 

Helium. 

He 

4.002 

9.4 

33.8 

0.97 

3 

Hydrogen. 

H: 

2.016 

59.8 

188 

1.03 

3 

Nitrogen. 

N2 

28.016 

227 

492 

0.90 

3 

Oxygen. 

O2 

32.000 

278 

730 

1.19 

3 

Sulphur dioxide. 

SO2 

64.060 

775 

1142 

1.97 

3 

Water. 

H2O 

18.016 

1165 

3206 

0.906 

4 


Data sources: 

1 . Edmihter, W. C., Ind Eng Chem., 30, 353 (1938). 

2 . Meihhner, II. P., and E. N. Redding, Jnd. Eng, Chem., 34, 522 (1942). 

3. National Bur. Standards Circ. 279. 

4. Keenan, J. 11., and F. G. Keyes, “Thermodynamic Properties of Steam,” John Wiley & Sons, Inc. 
New York, 1936. 




























Table V. —^Liquid H*0* 

P, Ib/in *, r, ®F, V, U, Btu/lb, BtuAb, 5, Btu/(lb X ’R). 


306 


THERMOD YNAM ICS 



Computed from Keenan and Keies ‘ Thermodynamic Properties of Steam ” Table IV, p 75 Tohn Wilev k Sons Inc , New York 1936 



Table VI.—Saturated HjO, Solid, Liquid, and Vapor* 
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X 

^ €. 

2 2 

^ CO 

O ^ 
W B 

Q 

5 

w - 
P3 5 
P5 oa 
W . 

6 == 


T 


h. 

w " 

PQ 

<5 

H S 


£ 

(C 



1600 

1227 0 
1630 4 
1857 5 

2 6137 

245 4 
1630 4 
1857 4 

2 4363 

83 48 
1630 3 
1857 3 

2 3174 

40 89 
1630 0 
1857 1 

2 2386 

24 53 
1629 8 
1856 8 

2 1822 

12 258 
1629 3 
1856 2 

2 1056 

6 123 
1628 3 
1855 0 

2 0287 

Temperature, 

1400 

1107 8 
1540 7 
1745 7 

2 5566 

221 6 
1540 7 
1745 7 

2 3792 

75 37 
1540 6 
1745 5 

2 2603 

36 91 
1540 4 
1745 3 

2 1815 

1 22 14 

1 1540 1 
1745 0 

2 1251 

11 060 
1539 5 
1744 2 

2 0484 

5 521 
1538 2 
1742 6 

1 9713 

1200 

988 7 
1455 7 
1637 7 

2 4952 

197 71 
1455 7 
1637 7 

2 3178 

67 25 
1455 5 
1637 5 

2 1989 

32 93 
1454 7 
1637 2 

2 1201 

19 747 
1454 1 
1636 8 

2 0636 

9 860 
1453 2 
1635 7 

1 9867 

4 917 
1451 7 
1633 7 

1 9044 

1 

i 869 5 
, 1372 6 
1533 5 

2 4283 

173 87 
1372 6 
1533 4 

2 2509 

59 13 
1372 3 
1533 1 

2 1319 

28 95 
1372 0 
1532 7 

2 0530 

17 352 
1371 5 
1532 1 

1 9964 

8 656 

1 1370 7 
1530 8 

1 9193 

giOOiO 

WOO 00^ 

_ ,O(NQ0 

900 

809 9 1 
1332 8 
1482 7 

2 3923 

161 95 
1332 7 
1482 6 

2 2148 

55 07 
1332 5 
1482 3 

2 0958 

26 95 
1332 2 
1481 8 

2 0169 

16 152 
1331 6 
1481 1 

1 9602 

8 052 
1330 5 
1479 5 

1 8829 

4 002 
1328 1 
1476 2 

1 8048 

i 

1 

1 750 4 

1 1293 9 
1432 8 

2 3542 

150 03 
1293 8 
1432 7 

2 1767 

51 00 
1293 6 

1 1432 3 

2 0576 

24 96 
1293 1 
1431 7 

1 9786 

14 950 
1292 6 
1430 9 

1 9219 

6 835 7 446 
1252 3 1291 1 
1378 9 1428 9 

1 8029 , 1 8443 

00(NI>. 

COW 

690 8 
1255 9 
1383 8 

2 3137 

138 10 
1255 8 
1383 6 

2 1361 

49 64 
1255 5 
1383 2 

2 0170 

22 96 
1254 9 
1382 4 

1 9379 

13 744 
1254 2 
1381 4 

1 8809 

3 380 
1248 5 
1373 6 

1 7232 

009 

631 2 
1218 9 
1335 7 

2 2702 

OCOTt^t;;- 

NC^CO 

42 86 
1218 2 
1334 8 

1 9734 

20 95 
1217 5 
1333 8 

1 8940 

12 532 
1216 5 
1332 5 

1 8368 

6 218 { 
1214 0 
1329 1 ! 
1 7581 

3 060 
1208 8 
1322 1 

1 6767 

500 

571 6 
1182 5 
1288 3 

2 2233 

114 22 
1182 4 

1 1288 0 

2 0456 

1 38 78 

1 1181 7 
1287 1 
! 1 9261 

18 933 
1180 6 
1285 7 

1 8464 

11 309 
1179 2 
1283 9 

1 7887 

5 589 
1175 7 
1279 1 

1 7085 

2 361 2 726 

1 1123 0 1168 0 

1 1210 3 1268 9 

1 5594 1 1 6240 

400 

512 0 
1146 9 
1241 7 

2 1720 

102 26 
1146 6 
1241 2 

1 9942 

34 68 
1145 7 
1239 9 

1 8743 

16 897 
1144 1 
1237 9 

1 7937 

10 065 
1142 0 
1235 1 

1 7349 

4 937 
1136 2 
1227 6 

1 6518 

§ 

CO 

432 3 
1112 1 
1195 8 

2 1153 

90 25 
nil 5 
1195 0 

1 9370 

30 53 
1109 7 
1192 8 

1 8160 

14 816 
1107 1 
1189 3 

1 7336 

8 773 
1103 1 
1184 3 

1 6721 



200 

392 6 
1077 7 
1150 4 

2 0512 

78 16 
1076 5 
1148 8 

1 8718 






P 

0 






/!) 


Press, Ib/in * abs (sat temp) 

1 

(101 74) 

5 

(162 24) 

14 696 
(212 00) 

30 

(250 33) 

50 

(281 01) 

! 

100 

(327 81) 

200 

(381 79) 


♦ Keenan, J. H., and F. G Ketes, "Thermodynamic Properties of bteam John \\iley & Sons, Inc , 1936 U values computed from data in reference. 



Table VIII —Superheated HjO, Vapor* (Continued) 


310 


THERMODYNAMICS 




Table IX. —Saturated NH*, Liqxhd and Vapor* 


APPENDIX 


311 



* Nat. Bur. Standards, Circ 142 (1923) U values computed from data m reference 





Table X —Saturated NHa, Liquid and Vapor* 
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Entropy, Btu/(lbX®R) 

«i 

CO 

1 4857 

1 4276 

1 3938 

1 3700 

1 3515 

1 3364 

1 3236 

1 3125 

1 3027 

1 2939 

1 2859 

1 2787 

1 2720 

1 2658 

1 2599 

1 2545 

1 2445 

1 2356 

1 2275 

1 2201 

1 2132 

1 2068 

1 2009 

1 1952 

1 1900 

1 1850 

1 1802 

1 1756 

1 1713 

1 1671 

1 1631 

1 1592 

1 1555 

1 1518 

1 1483 

1 1449 

1 1415 

1 1383 


1 5456 

1 4310 

1 3620 

1 3122 

1 2728 

1 2402 

1 2123 

1 1879 

1 1661 

1 1464 

1 1284 

1 1119 

1 0966 

1 0823 

1 0689 

1 0563 

1 0330 

1 0119 

0 9927 

0 9749 

0 9584 

0 9430 

0 9285 

0 9148 

0 9019 

0 8896 

0 8778 

0 8666 

0 8559 

0 8455 

0 8356 

0 8260 

0 8167 

0 8077 

0 7989 

0 7904 

0 7821 

0 7741 

{o' 

-0 0599 
-0 0034 

0 0318 

0 0578 

0 0787 

0 0962 

0 1113 

0 1246 

0 1366 

0 1475 

0 1575 

0 1668 

0 1754 

0 1835 

0 1910 

0 1982 

0 2115 

0 2237 

0 2348 

0 2452 

0 2548 

0 2638 

0 2724 

0 2804 

0 2881 

0 2954 

0 3024 

0 3090 

0 3154 

0 3216 

0 3275 

0 3332 

0 3388 

0 3441 

0 3494 

0 3545 

0 3594 

0 3642 

Enthalpy, Btu/lb 


588 3 
597 1 
602 4 
606 2 
609 I 

611 6 
613 6 

615 4 

616 9 
618 2 

619 4 

620 5 

621 5 

622 4 

623 2 

624 0 
62o 3 

626 5 

627 5 

628 4 

629 2 

629 9 

630 5 

631 1 

631 6 

632 0 
632 4 

632 7 

633 0 
633 2 

633 4 
633 6 
633 8 
633 9 

633 9 

634 0 
634 0 
634 0 

hT 

612 8 
598 5 
588 8 
581 2 
574 8 

569 3 
564 3 
559 8 
555 6 
551 7 

548 0 
544 6 
541 3 
538 2 
535 2 

532 3 
526 9 
521 8 
517 0 
512 4 

508 1 
503 9 
499 9 
496 1 
492 3 

488 7 
485 2 
481 8 
478 4 
475 2 

472 0 
468 9 
465 8 
462 8 
459 8 

456 9 
454 0 
451 1 

Sc* 

-24 5 
- 1 4 

13 5 

24 9 

34 2 

42 3 

49 3 

55 6 

61 3 

66 5 

71 4 

75 9 

80 2 

84 2 

88 0 

91 7 

98 4 
104 7 
110 5 
116 0 

121 1 
126 0 
130 6 
135 0 
139 3 

143 3 
147 2 
150 9 
154 6 
158 0 

161 4 
164 7 
168 0 
171 1 
174 1 

177 1 
180 0 
182 9 

Internal energy, Btu/lb 


542 7 
549 3 
5o3 3 
556 2 
558 4 

560 3 

561 8 

563 2 

564 4 

565 4 

566 3 

567 1 

567 9 

568 6 

569 2 

569 9 

570 9 

571 8 

572 7 

573 4 

574 1 

574 7 

575 1 

575 7 

576 1 

576 5 

576 8 

577 1 
577 4 
577 5 

577 8 

577 9 

578 2 
578 3 
578 3 

578 4 
578 5 
578 5 


567 2 
550 7 
539 8 
531 3 
524 2 

518 1 
512 6 
507 8 
503 3 
499 1 

495 1 
491 5 
488 0 
484 7 
481 6 

478 6 
472 9 
467 6 
462 7 
458 0 

453 6 
449 4 
446 7 
441 5 
437 7 

434 1 
430 6 
427 2 
423 9 
420 6 

417 6 
414 4 
411 5 
408 6 
405 6 

402 8 
400 0 
397 2 

to" 

n<oo>o>co coooiotj* toicw 

1-iiooseot^ o»ooo^oo iNcooseo® ocooojn »coo»-< 

M ^ iHc^co r-t^r^oooo 22*231212 12122'®!^ 

Volume, ft*/lb 


49 31 
25 81 
17 67 
13 50 
10 96 

9 236 

7 991 

7 047 

6 307 

5 710 

5 218 

4 805 

4 453 

4 151 

3 887 

3 655 

3 266 

2 952 

2 693 

2 476 

2 291 

2 132 

1 994 

1 872 

1 764 

1 667 

1 581 

1 502 

1 431 

1 367 

1 307 

1 253 

1 202 

1 155 

1 112 

1 072 

1 034 

0 999 


49 29 

25 79 

17 65 

13 48 

10 94 

9 212 

7 967 

7 022 

6 282 

5 685 

5 193 

4 780 

4 428 

4 126 

3 862 

3 630 

3 240 

2 926 

2 667 

2 450 

2 265 

2 105 

1 917 

1 845 

1 737 

1 640 

1 554 

1 475 

1 403 

1 339 

1 279 

1 225 

1 174 

1 127 

1 084 

1 044 

1 006 

0 971 


0 0228 

0 0232 

0 0235 

0 0238 

0 0240 

0 0242 

0 0243 

0 0245 

0 0246 

0 0247 

0 0249 

0 0250 

0 0251 

0 0252 

0 0253 

0 0254 

0 0256 

0 0258 

0 0260 

0 0262 

0 0263 

0 0265 

0 0266 

0 0268 

0 0269 

0 0271 

0 0272 

0 0274 

0 0275 

0 0276 

0 0277 

0 0278 

0 0280 

0 0281 

0 0282 

0 0283 

0 0284 
' 0 0285 


-63 11 
-41 34 
-27 29 
-16 64 

- 7 96 

- 0 57 

5 89 

11 66 
16 88 
21 67 

26 09 
30 21 
34 06 
37 70 
41 13 

44 40 
50 47 
56 05 
61 21 
66 02 

70 53 
74 79 
78 81 
82 64 
86 29 

89 78 
93 13 
96 34 
99 43 
102 42 

105 30 
108 09 
110 80 
113 42 
115 97 

118 45 
120 86 
123 21 

Press, 

lb/m.» 

abs 

0®0®0 100®0® OOQOO OOOOO OOOOO OOOQO QOO 
eoeo-^-^® ®®®t»b» oociOi-HCsi (»04 O»^(n ooosp 

r-, r-l r-i ,1 tH N N W C4 ff>l M CS| 04 04^ 


♦ Nat. Bur Standards, Ciral42 (1923) L \alues computed from data m reference 
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Temperature, ®F 

§ 








320 : 360 















Cl 




11.56 

677.8 

763.4 

1.5617 

9.230 
677.3 
762.7 
1.5350 

7.675 

676.9 

762.1 

1.5130 

6.563 

676.4 

761.4 
1.4943 

200 • 240 



14.59 

661.0 

742.0 

1.5653 

10.92 

660.4 

741.3 

1.5309 

8.710 

659.9 

740.5 

1.5040 

7.238 

659.3 

739.7 

1.4819 

■ 6 187 
658.7 
738.9 
1.4631 


20.66 

644.7 

721.2 

1.5817 

13.73 

644.1 

720.3 

1.5334 

10.27 

643.4 

719.4 
1.4987 

8.185 

642.7 

718.5 

1.4716 

6.798 

642.0 

717.5 

1.4493 

5.807 

641.4 

716.6 

1.4302 

1 

38 90 

629.1 

701.1 

1 6307 

19.37 

628.3 

700.0 

1.5485 

12.87 

627.3 

698.8 

1.4998 

9.609 

626.6 

697.7 

1.4648 

7.655 

625.8 

696.6 

1.4374 

6.352 

625.0 

695.5 

1.4148 

•Cl 05 CO 

loco'co • 

§ 

36.35 

613.0 

680.3 

1.5960 

18.08 

612.0 

678.9 

1.5133 

11.99 

610.9 

677.5 

1.4642 

8.945 

609.9 

676.1 

1.4288 

7.117 

608.8 

674.7 

1.4009 

5.897 

607.8 

673.3 

1.3778 

5.025 

606.7 

671.8 
1.3579 


33.78 

597.1 

659.7 

1.5593 

16.78 

595.9 

658.0 

1.4760 

11.10 

594.6 

656.2 

1.4261 

8.268 

593.2 

654.4 

1.3900 

6.564 

591.9 

652.6 

1.3613 

5.428 

590.4 

650.7 

1.3373 

4.615 
588.9 
648.7 
1 3166 


31.20 

581.5 

639.3 

1.5200 

15 45 
579.8 
637.0 
1.4356 

10.20 

578.0 

634.6 

1.3845 

7.56,s 

576.1 

632.1 
1.3470 

5.988 

574.1 

629.5 

1.3169 

4.933 

572.0 

626.8 

1.2913 

4.177 

569.8 

623.9 
1.2688 


28.58 

566.0 

618.9 

1.4773 

14.09 
563 3 
615.5 
1.3907 

9 250 
560.5 
611.9 
1.3371 





0 

i 

25.90 

549.8 

597 8 

1.4293 







Sat 

vapor 

25 81 
549 3 
597 1 
1.4276 

13.50 

556.2 

606.2 
1.3700 

9.236 

560.3 

611.6 

1.3364 

7.047 

563.2 

615.4 

1.3125 

5.710 

565.4 

618.2 

1.2939 

4.805 

567.1 

620.5 

1.2787 

4.151 

568.6 

622.4 

1.2658 

Sat 

li<iuid 

0.0232 

-1.4 

-1.4 

-0.0034 

0.0238 

24.9 

25.0 

0.0578 

0.0242 
42.2 
42 3 
0.0962 

0.0245 

55.4 

55.6 

0.1246 

0.0247 

66.3 

66.5 

0.1475 

0.0250 

75.6 

75.9 

0.1668 

0.0252 

83.9 

84.2 

0.1835 

Prop 






i:d !!£: 03 


ea^ 

-J 

10 

(-41.34=) 

20 

(-16.64*) 

h- 

O*? 

COo 

oS 

s: 

Cl 

ON 

CO 

0 ^ 

CO 


♦ Nat. But. Standards, Cite. 142 (1923). U values computed from data in reference. 
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Temperature "I* 

1 







2 009 
725 2 
821 9 
1 4206 

1 732 
723 9 
820 1 
1 4024 

s 

CO 






2 265 
! 707 3 
799 5 
1 4127 

1 904 
705 8 
797 4 
1 3914 

1 639 
704 3 
795 3 
1 37291 

N 

CO 




3 420 
691 4 
780 0 
1 4395 

2 637 
689 8 
777 7 
1 4081 

2 140 
688 2 
775 3 
1 3825 

1 796 
686 5 
772 9 
1 3608 

1 544 
684 8 
770 5 
1 3419 

« 

CM 

5 730 
675 9 
760 7 
1 4781 

5 081 
675 4 
760 0 
1 4637 

4 562 
675 0 
759 4 
1 4507 

3 227 
673 1 
756 7 
1 4088 

2 484 
671 1 
753 9 
1 3768 

2 012 
669 2 
751 1 
1 3507 

1 686 
667 3 
748 4 
1 3285 

1 447 
665 1 
745 5 
1 3090 

o 

5 398 
658 2 
738 1 
1 4467 

4 785 
657 6 
, 737 3 
1 4321 

■"t0*0 0 
05 05 

3 030 
654 81 
733 3 
1 3763 

2 328 
652 5 
730 1 
1 3436 

1 881 
650 2 
726 8 
1 3168 

1 572 
647 7 
723 4 
1 2938 

1 346; 
645 31 
720 0 
1 2736 

8 

(N 

5 063 
640 6 
715 6 
1 4136 

00 

or 00 

-to rf*a> 
-tr-ico 
-tor'- 

4 0211 
639 3 
713 7l 
1 3854 

ooa 00 

CO -H 

jO X»05 -t 
cooco 
CMOh- 

i 2 167 
633 7 
705 9 
1 3081 

1 745 
630 8 
701 9 
1 2b01 

coxr-o 
lO o 

-t »o 

CMOS CM 

,-H x>co 

a »o -r 

CO 

CM -t CO 

CM O'CM 

1-1 CO CO 

8 

4 722 
623 3 
693 2 
1 3784 

4 178 
622 4 
692 01 
1 3633 

3 743 
621 5 
690 8 
1 3495 

CM ■>« 

ooocoo 
^ ooco 
CMOO 

O'-^O-H 
03 O 

05-t-<CO 
*-< OOCM 

1 601 
610 6 
675 S 
1 2394 

to CO -t CM 

CO 

■o coo ^ 

Ol-CM 
O 0> 

1 123 
602 3 
664 7 
1 1S94 

8 

4 371 
605 7 
670 4 
1 3404 

3 862 
604 6 
668 9 
1 3247 

j 3 454 
603 4 
667 3 

1 1 3104 

2 404 
598 8 
661 1 
1 2628 

1 818 
59i 8 
654 4 
1 2247 

1 443 
588 5 
647 3 
1 1917 

1 182 
582 6 
639 5 
1 1617 


s 

4 005 
587 4 
646 7 
1 2981 

3 529 
585 9 
644 7 
1 2814 

3 149 
584 3 

1 642 6 
1 2661 

2 166 
577 7 
633 8 
1 2140 

1 


o 


1 






o 






_ 



o 

1 

1 

1 





1 

Sat 

vapor 

3 655 
569 9 
624 0 
1 2545 

3 266 
570 9 
625 3 
1 2445 

2 952 
571 8 
626 5 
1 2356 

1 2 132 
574 7 
629 9 
1 2068 

1 667 
576 5 
632 0 
1 1850 

1 367 
577 5 
633 2 
1 1671 

»ocoa / 

lO —1 

rH joco»o 

1' C^i-t 

.-1 *o o 

-g -ocp 
a y -t en 

O ‘(“I CD 

Sat 

liquid 

0 0254 
91 3 
91 7 
0 1982 

COO'«*^»<6 
>o .-1 

CMOOoC ^ 
005 0“ CM 

o o 

P t 0 0258 
C I 104 2 
H 104 7 
6 0 2237 

0 0265 

125 3 

126 0 
0 2638 

0 0271 

142 4 

143 3 
0 2954 

0 0276 
156 9 
158 0 
0 3216 

0 0281 
169 7 
171 1 
0 3441 

m eoCT) CM 

oo 

(N -H CM CO 

oooooco 

Prop 





r' 

O rt 

o 



Press Ib/m * abs 
(sat temp, ®F) 

3. 

o 

oS 

*s 

100 

(56 05 ) 

05 

Ol^ 

1-HTt 

I'. 

180 

(89 7S“) 

O-ct 

CO 

CM CO 

300 

(123 21“) 


*Aaf But. Standards, Circ 142(1923) L \ alues c oinputed from data in reference 
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Table XIII.— Superheated Freon —12 (CCUFj), Vapor* 


THERMODYNAMICS 



V . 1.044 1.144 1.245} 1.340 1.435 

40 U . 75.47 80.62 85.96 91.50 97.26 

(26.0) H . 83.20 89.09 95.15 101.42 107.88 

S . 0.1732 0.1846 0.1954 0.2058 0.2159 







Temperature 
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A S R E Tables based on the work of Planck and Kupnanoff 



Table XV. —Saturated CO 2 , Liquid and Vapor’ 
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Table XVI -“Superheated COj Vapor* 

V in ft’/lb, H and U in Btu/lb, and S in Btu/(lb X •R) 
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Table XVII. —Saturated Ha, Liquid and Vapor* 


Press, 

Ib/in.* 

Temp, 

•op 

Vol, 

ftVlb 

Enthalpy, 

Btu/lb 

Internal 

energy 

Entropy, 
Btu/(lb X °R) 

V, 

Hf 

Hu 

ij. 


S, 

Su 

.S’„ 
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92.85 
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;i2.i6 

133 57 
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0 1677 
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0.1521 

5.0 

576.2 

10.77 

20.30 

124.32 

144.62 
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22.58 

122.98 

145.56 

135 08 

0.0299 
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24.04 

122.12 

146.16 

135.24 
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0 1075 
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135.74 
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119.13 

148.24 
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137.66 
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0 1203 
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115.22 

150.95 

137.74 

0 0403 
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180 

999.6 

i 

0.399 

36.09 

115.01 

151.10 
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0.0406 

o 
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00 

00 

0 1194 


* Shelpon, L. a., Trans,, A.S.M.E., 46, 272 (1924) 
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* SncKNET, 4. B , "Properties of 4mmonia Solutions AS RE, 1935 




Table XIX —Internal Energy and RT Values for Gases* 
(Btu/mole above 520®R)_ 
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Other data below 520“R are based on constant specific heats. 

t 636.6®R, is equivalent to 25"C., the standard temperature for calorimeter tests. 








Table XX. —Internal Energy op Gaseous Fuels and Products op Combustion* 

(Btu/mole above 520°R) 
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* Values for CHi, air, COj, H 2 O, and Ns were taken from Table \IX The other \alues were computed using equations in Table II These values were extended 
beyond the range ot the equations so that 'values would be available for computation'^ 





Table XXIII. —CoMPRESsiBiLrry Factors pdr Mixtures of CH4 and C0»* 
I Weight fraction of methane 


Ib/ia.* abe 



0 1 

0.0852 

1 0.19912 

1 0.3383 j 

1 0.6685 j 

1 1.0 

0 

1.000 

1.0000 

1.0000 

1.0000 

1.0000 

1 0000 

200 

0.941 

0.9512 

0.9606 

0.9685 

0.9760 

0 9795 

400 

0.875 

0.8995 

0.9202 

0.9372 

0.9525 

0 9598 

600 

0.798 

0.8437 

0.8788 

0.9063 

0.9296 

0 9410 

800 

0.704 

0.7830 

0.8360 

0.8754 

0.9075 

0.9235 

1000 

0.580 

0.7160 

0.7920 

0.8451 

0.8869 

0.9072 

1250 

0.315 

0.6262 

0.7360 

0.8084 

0.8634 

0.8892 

1500 

0.255 

0.6388 

0.6830 

0.7738 

0.8428 

0.8739 

1750 

0.272 

0.4715 

0.6402 

0.7460 

0.8259 

0.8615 

2000 

0.299 

0.4438 

0.6100 

0.7243 

0.8131 

0.8526 

2500 

0.355 

0.4.565 

0.6890 

0.7041 

0 8027 

0.8471 

3000 

0.411 

0.4958 

0.6055 

0.7103 

0.8081 

0.8554 

3500 

0.465 

0.5427 

0.6400 

0.7335 

0 8260 

0.8758 

4000 

0.519 

0.5921 

0.6820 

0.7702 

0.8565 

0.9054 

4500 

0.572 

0.6433 

0.7276 

0.8130 

0.8937 

0.9415 

5000 

0.624 

0.0947 

0.7755 

0.8584 

0.9363 

0.9813 

6000 

0.727 

0.7976 

0.8752 

0.9531 

1.0291 

1.0681 

7000 

0.828 

0.8982 

0.9745 

1.0502 

1.1240 

1.1612 

8000 

0.926 

0.9995 1 

1.0745 

1.1469 

1.2187 

1.2555 

9000 

1.023 

1.1012 

1.1752 

1.2448 

1.3130 

1.3608 

10,000 

1.116 

1.2035 

1.2785 

1.3414 

1.4078 

1.4470 


160 F 


0 

1.000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

200 

0 958 

0 0657 

0.9726 

0.9786 

0.9840 

0.9865 

400 

0.913 

0.9307 

0.9453 

0.9575 

0 9685 

0.9736 

600 

0.865 

0.8949 

0.9181 

0.9367 

0.9536 

0.9617 

800 

0.814 

0.8585 

0.8911 

0.9167 

.0.9395 

0.9508 

1000 

0.759 

0.8213 

0.8646 

0.8977 

0.9265 

0.9410 

1250 

0.687 

0.7742 

0.8324 

0.8751 

0.9120 

0.9303 

1500 

0.609 

0.7284 

0.8025 

0.8546 

0.8994 

0.9216 

1750 

0.531 

0.6864 

0.7755 

0.8374 

0.8894 

0.9162 

2000 

0.479 

0.6500 

0.7542 

0 8238 

0.8814 

0.9109 

2500 

0.452 

0.6090 

0.7252 

0.8078 

0 8733 

0.9095 

3000 

0.479 

0.6056 

0.7180 

0.8043 

0.8768 

0.9165 

3500 

0.515 

0.6259 

0.7294 

0.8144 

0.8907 

0.9316 

4000 

0.5r6 

0 6548 

0.7526 

0.8362 

0.9120 

0.9535 

4500 

0.600 

0.6910 

0.7831 

0.8642 

0.9388 

0.9807 

5000 

0.645 

0.7322 

0.8200 

0.8965 

0.9710 

1.0119 

6000 

0.735 

0.8182 

0.9000 

0.9736 

1.0455 

1.0840 

7000 

0.824 

0 9058 

0.9848 

1.0550 

1.1235 

1.1615 

8000 

0.912 

0.9935 

1.0701 

1.1384 

1.2050 

1.2425 

9000 j 

1.000 

1 0818 

1.1555 

1.2220 

1.2882 

1.3250 

10,000 

1.088 

1.1683 

1.2408 

1.3055 

1.3727 

1.4080 


220 F 


0 

1.000 

I.0000 

1.0000 

1.0000 

1.0000 

1.0000 

200 

0.970 

0 9758 

0.9811 

0.9854 

0.9894 

0.9913 

400 

0 938 

0.9514 

0.9626 

0.9711 

0.9791 

0.9833 

600 

0 906 

0 9269 

0.9445 

0.9572 

0.9693 

0.9760 

800 

0 872 

0.9025 

0.9269 

0.9441 

0.9601 

0.9695 

1000 

0.838 

0.8786 

0.9100 

0.9317 

0.9518 

0.9639 

1250 

0.796 

0.8495 

0.8898 

0 9174 

0.9427 

0.9582 

1500 

0.756 

0.8219 

0.8712 

0.9049 

0.9352 

0.9539 

1750 

0 718 

0.7962 

0.8542 

0.8944 

0.9296 

0.9510 

2000 

0.684 

0.7741 

0.8397 

0.8860 

0.9258 

0.9497 

2500 

0.631 

0 7412 

0.8183 

0.8755 

0.9227 

0.9512 

3000 

0 607 

0.7253 

0 8098 

0.8739 

0.9288 

0.9587 

3500 

0.611 

0 7249 

0.8131 

0.8793 

0.9402 

0.9721 

4000 

0.630 

0.7385 

0.8271 

0.8937 

0 9569 

0.9912 

4500 

0.658 

0.7605 

0.8 79 

0.9138 

0.9792 

1.0138 

5000 

0 693 

0.7890 

0.8<24 

0.9391 

1.0056 

1.0395 

6000 

0.770 

0.8567 

0.9353 

0.9988 

1.0651 

1.1000 

7000 

0.849 

0.9298 

1.006‘ 

1.0678 

1.1325 

1.1650 

8000 

0.929 

1.0055 

1.080, 

1.1405 

1 2027 

1.2355 

0000 

1.007 

1.0822 

1.1554 

1.2150 

1.2754 

1.3084 

10,000 

1.084 

1.1595 

1.2295 

1.2896 

1.3498 

1.3822 


* Reamer, H. H., H. H. Olds, B. H. Sage, and W. N. Lacey, Methane— Carbon Dioxide Syetem in the 
Gaseous Region, Ind. Eng. Chem., 36.88 (1944), except for the M'eight fraction of 1.0. These were obtained 
from Ind. Eng. Chem., 35, 922 (1943), in a paper by the same authors. 
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^jtoijaXXIIL —^CoaiPBBSSiBiLiTY Faotobs fob Mixtubbs of CH4 ANP COa* {Continued) 


Press, 
lb/in.s abs 

Weight fraction of methane 



280 F 


•s 

0 1 

0.0852 

0.19912 

0.3583 

o.eeW 1 

1.0 

0 

1.000 

1.0000 

1.0000 

1.0000 

i.ciboa 

1.0000 

200 

0.979 

0.9834 

0.9872 

0.9901 

0.9931 

0.9947 

400 

0.957 

0.9668 

0.9747 

0.9805 

0.9866 

0.9900 

600 

0.934 

0.9503 

0.9625 

0.9713 

0.9805 

0 9859 

800 

0.912 

0.9339 

0.9507 

0.9627 

0.9749 

^ 9826 

1000 

0.889 

0.9179 

0.9397 

0.9545 

0.9699 

0.9798 

1250 

0.862 

0.8987 

0.9263 

0.9453 

0.9649 

0.9772 

1500 

0.835 

0.8810 

0.9145 

0 9379 

0.9608 

0.9758 

1750 

0 810 

0.8643 

0.9040 

0 9313 

0.9383 

0.9754 

2000 

0,787 

0.8487 

0.8950 

0 9267 

0 9572 

0.9760 

2500 

0.750 

0.8247 

0.8820 

0 9217 

0.9588 

0.9807 

3000 

0.729 

0.8125 

0.8763 

0 9226 

0.9050 

0 9894 

3500 

0.720 

1 0.8100 

0.8778 

0 9289 

0.9759 

1.0025 

4000 

0.724 

I 0.8154 

0.8865 

0 9404 

0 9914 

1.0192 

4500 

I 0.737 

0.8290 

1 0.9020 

0 9571 

1 0109 

1 0391 

5000 

0.759 

0.8483 

0.9223 

0.9788 

1 0337 

1.0612 

6000 

0 818 

0.8992 

1 0.9721 

1 0306 ! 

1 0848 

1.1134 

7000 

0.883 

0 9592 

! 1.0310 

1 0877 

1 1423 

1.1708 

8000 

0,952 

1.0243 

i 1.0955 

1 1495 

1.2030 

1.2827 

9000 

1.023 

1.0921 

1.1610 

1.2148 

1.2672' 

1.2075 

10.000 

1.091 

1 1606 

1.2268 

1.2817 

1 3350 

1.3635 


340 F 

0 

1.000 

1.0000 

1.0000 1 

1.0000 

1.0000 

1.0000 

200 

0.985 

0.9886 

0.9914 ! 

0.9936 

0.9959 

0 9972 

400 

0.970 

0.9773 

0.9831 

0.9874 

0.9921 

0.0948 

600 

0.954 

0.9601 

0.9761 

0.9816 

0.0886 

0.9929 

800 

0.939 ! 

0.9653 

0.9674 

0.9762 

0.9867 

0.9916 

1000 

0.924 

0.9446 

0.9600 

0.9712 

0.9832 

0.9908 

1250 

0.905 

0.9320 

0.9515 

0.9658 

0.9809 

0.9905 

1500 

0.887 

0.9197 

0.9439 

0.9614 

0.9793 

0.9911 

1750 

0.870 

0.9087 

0.9374 

0.9575 

0.9790 

0.9927 

2000 

^54 

0.8989 

0.9321 

0.9554 

0.9793 

0.9950 

2500 

0.828 

0.8839 

0.9252 

0.9545 

0.9838 . 

1.0020 

3000 

0.812 

0.8749 

0 9232 

0.9580 

0.9919 

1.0120 

3500 

0.804 

0 8730 

0 9261 

0 9656 

1.0032 

1.0250 

4000 

0.805 

0.8770 

0 9338 

0,9768 

1.0178 

1.0406 

4500 

0.812 

0.8870 

0.9460 

0.9917 

1.0355 

1.0587 

5000 

0.825 

0.9010 

0.9625 

1.0104 

1.0560 

1.0787 

6000 

0.867 

0.9412 

1.0042 

1.0542 

1.1014 

1.1253 

7000 

0.919 

0.9910 

1.0540 

1.1044 

1.1526 

1.1765 

8000 

0.977 

1.0464 

1.1105 

1.1597 

1.2072 

1.2315 

9000 

1.039 

1.1068 

1.1692 

1.2180 

1.2640 

1.2898 

10,000 

1,101 

1,1664 

1.2285 

1.2783 

1.3250 

1.3490 


1 400 F 

0 

1 000 

l.OCOO 

1 .OOCO 

1 0000 

1.0X0 

1 0000 

200 

0.989 

0.9922 

0.9945 

0.9963 

0.9980 

0 9989 

400 

0.979 

0.9845 

0 9892 

0 9927 

0.9962 

0.9982 

600 

0.968 

0.9771 

0 9841 

0 9894 

0 9948 

0.9979 

800 

0.957 

0.9698 

0.9792 

0 9864 

0.9937 

0 9981 

1000 

0.946 

0 9627 

0.9748 

0 9838 

0 9932 

’ 0 9986 

1250 

0 933 

0 9544 

0 9696 

0 9809 

0 9928 

1 0000 

1500 

0 921 

0.9469 

0 9650 

0 9789 

0 99.34 

1 0020 

1750 

0 910 • 

0.9398 

0.9611 

0 9778 

0 9916 

1 0047 

2000 

0 899 

0.9340 

0.9581 

0 9772 

0.9967 

1 0079 

2500 

0 882 

0.9249 

0 9.">51 

0.9791 

1 0031 

1 0164 

3000 

0.871 

0 9199 

0.9560 

0 9842 

1.0120 

1 0273 

3500 

0 865 

0.9180 

0 9606 

0 99126 

1 0232 

1.0404 

4000 

0.866 

0.9220 

0 9689 

1 0041 

1.0370 

1.0558 

4600 

0 871 

0.9302 

0.9805 

1.0183 

1 0538 

1.0728 

5000 

0 881 

0.9431 

0.9952 

1.0349 

1.0725 

1.0916 

6000 

0.913 

0.9770 

1.0313 

1.0736 

1 1148 

1 1335 

7000 

0.956 

1.0190 

1.0748 

1.1194 

1.1605 

1.1803 

8000 

1.004 

1.0670 1 

1.1242 

1.1693 

1 2097 

1.2307 

9000 

1.057 

1,1195 1 

1.1764 

1.2209 

1.2618 

1 2837 

10,000 

1.114 1 

1.1734 

1.2296 

1.2752 

1 3160 

1.3376 


* Rbamsb, H. H., H. H. Olds. B, H. Saos^ and W. N. Lacey, Methane—Carbon-Dioxide System in the 
Gaseous Region, Ind. A Eng, Chem..36, 88 (1944), except for the weight fraction of 1.0. These were 
obtained from Ind. Eng. Chem., 35, 922 (1943), in a paper by the same authors. 
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Tabub XXI\ —Cotmicai. Enbegt, Heat Vaiajb, ^ Latent Heat 
(For gaseous fuels) 
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[ebset, Eberhardt, and Hottel op ctf (Table XIX). 
Iastman, E. D., Chem . Rev .. 18, 257 (1936) 

Bur , Standards , Jour . Research , 6, 1 37 (1931). 



Table XXVI.— Logarithms op Equilibrium Constants* 
\og,oKp = log for reaction aA + bB cC + dD (See Table XXV) 

[A] = partial pr of J constituent in equilibrium mixture, atm 
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* Lewis, B., and Q. von Elbe, Heat Capacities and Dissociation Equibbna of Gases, A,C,S. Jour , 57, 612 (1935). 
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Acoustic velocity, 240 
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Adiabatic saturation, 109 
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Air conditioning, 112 
Air standard, 218 
Alcohol, 326, 331 
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generation of, 115 
Atmosphere, 304 
Availability, 119, 142 
Avogmlro, 54 

B 

Baker, 219 
Barometer, 5 
Battery, 142 
Beatti(', 288 
Benzene, 326, 331 
Bernoulli Kquation, 84 
Binary cyck', 163 
Bleeding, 157 
Boiler, 190 

Boltzmann constant, 289 
Bourdon-tube gage, 6 
Boyle’s Law, 53 
Brayton cycle, 231 
Bridgcman, 288 
Bridgman, 45 
Btu, 20, 303 

r 

Calorie, 20 
Calorimeter, 186, 187 
Capacity, compressor, 176 
engine, 175 

Carbon dioxide, 318-321, 324, 327, 328 
Carbon monoxide, 324, 327, 328 
Carnot (see Cycles) 


Carrier, 111 
Centigrade, 8 
Centipoise, 241 
Charles' Law, 53 
Charts, combustion, 205, 235 
(*See also Api^endix) 

Chemical energy, 26, 32, 121, 186, 331 
availability of, 142 
Chemical equilibrium, 194 
Clapeyron's Equation, 294 
Claude, Georges, 179 
C^lausius relation, 140 
Clearance, 215 
Clearance gas, 219, 221 
Cochrane Corporation, 179 
Coefficients, activity, 59 
flow, 249 
friction, 275 

evaluation of, 281 
jet contraction, 248 
Joulc-Thomson, 296 
orifice, 248 

performance, h(‘ating, 152 
refrigeration, 152 
velocity, 248 
virial, 289 
Combustion, 182 
products of, 184, 326 
analysis of, 185 
temperatures of, 191, 198, 209 
two-stage, 234 
Compounding, 175 
Compressed liquid, 47 
Compressed solid, 47 
Compressibility, 58, 289, 297 
Compression, 34, 65, 69, 71, 78, 85, 131, 
132, 138, 202 
effect of, 225 
multistage, 173 
ratio of, 218 
two-stage, 233, 234 
Compression ignition, 215, 223 
Compressor, axial-flov, 273 
centrifugal, 265, 274 
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Condenser^ 151 
Conservation of energy, 32 
Conliniuty equation, 239 
Cooling tower, 113 
Coordinates, 1, 2, 290 
Corresponding states, 59 
Critical data, 44, 305 
Cutoff, 176 
Cycles, 122, 148 
Air-Standard, 217, 231 
binary, 163 
bleeding, 157 
Brayton, 231 
Carnot, 122, 138, 149 
compression, 138 
Diesel, 217, 223, 224, 225 
dry-ice, 169 
four-stroke, 215 
heating, 165, 167 
Otto, 217, 219, 225 
Rankine, 152 
with friction, 154 
incomplete expansion, 155 
refrigeration, 165, 167 
regenerative, 157 
reheating, 161 
reversed, 138, 149, 151 
two-stroke, 216 

D 

Dalton, 96 

Debye's Equation, 45 
Degradation of energy, 140 
Density, 240 
Detonation, 229 

Deviation from perfect gas, 58, 297-301 
Dewpoint, 102, 112 
Diagrams, enthalpy-entropy, 61 
heat, 23, 24, 25 
internal-energy entropy, 61 
MoUier, 61 
pressure-enthalpy, 61 
pressure-volume, 14, 66 
temperature-entropy, 24, 44 
velocity, 263 
woi^k, 12, 13, 14, 16, 17 
(See also Appendix) 

Diesel, 217, 223-225 


Diffuser, 250 
Diffusion, 105, 131, 132 
Dilution, 104, 228 
Dimensional analysis, 275 
Dimensions, 2, 3 
Displacement, 14, 176 
Dissociation, 194 
Dodecane, 235, 326, 331 
Dry ice, 169 

E 

Efficiency, adiabatic, 133, 235, 262 
Air-Standard, 218, 232 ^ 

Brayton, 232 
Carnot, 123 
compression, 235 
Diesel, 226 
Otto, 223, 226 
turbine, ^5 
volumetric, 176 
Ejector, 258 
Electrical energy, 27, 32 
Energy, 12 

availability of, 119, 142 
chemical, 26, 32, 142 
conservation of, 32 
degradation of, 140 
electrical, 27, 32 
heat, 20 

internal, 19, 32, 43, 55, 103, 120, 324, 
326 

kinetic, 18, 32 
potential, 18, 32 
radiant, 26, 32 
unavailable, 124 
units of, 303 
work, 12 

Energy terms, 27, 32 
negligibility of, 39 
Engine, 77, 78, 85 
Enthalpy, 37, 43, 55 
of mixture, 104 
Entropy, 23, 124, 143 
absolute, 45 
gases of, 327, 328 
mixture of, 105 
reaction of, 197, 332 
Entropy change, 24, 55 
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equation, BiMnioulli, 84 
Clapeyron, 294 
oontinuity, 239 
Ennegy, 33, 289, 292 
internal, 298 
enthalpy, 293 

entropy, 24, 66, 137, 240,292, 296 
mass, 116, ^9 
momentum, 240 
pipe-line, 277, 278, 280 
reaction, 183, 194, 331-333 
specihe-heat, 21, 22, 296, 303 
state, 54, 287 
van der Waala, 288, 289 
Equilibrium constants, 197, 332, 333 
Evaporation, 44 
Exact differentials, 292 
Expansion, 34, 66, 69, 71s 202, 292 
Expansion valve, 116 
Exponents, n and k, 73, 76 

F 

Fahrenheit, 8 
Falling body, 32 
Fanno line, 254 
Filling process, 88 

First Law of Thermodynamics, 33, 141 
How, 33, 239 

over compressor blades, 258, 266, 273, 
274 

gaseous, 243, 277 
laminar, 240 
liquid, 242, 276 
orifice, 242 
pipe-line, 274 
over turbine blades, 268 
turbulent, 240 
vapor, 247, 277 
Flow work, 16, 119 
Force, 12 

Four-stroke engine, 216 
Free energy, 291 
Free expansion, 35, 53, 135, 156 
Freon, 316-317 

Friction, 126, 127, 136, 138; 276 
coefficient of, 276 
work of, 128, 276 
Fuel-air ratio, 222 
effect of, 227 


Fuel consumption, specific, 223 
Fugacity, 68 

G 

Gage, 6 

Gas analysis, 185 
Gas constant, 4, 54 
Gas laws, Avogadro's, 54 
Boyle^s, 53 
Charles*, 53 
Dalton*s, 96 
J6ule*8, 53 
Gas thermometer, 7 
Gas turbine, 215, 230 
high-pressure, 234 
Gaseous region, 44, 62 
Gases, 44, 52, 58 
mixtures of, 96 
General Equation, 60 
Generalized compressibility chart, 69 
Generator, 115 
Gibbs function, 106, 291 
Goodenough. 219 
Gravity, 18 

H 

Heat, 20, 32, 121 
of dilution, 104 
latent, 23 

mechanical equivalent of, 20 
of reaction, 26 
refrigerator, 122 
of solution, 104, 115 
source of, 122 
specific, 21, 22, 295, 303 
transfer of, 78, 84, 126, 136, 139 
Heat diagrams, 23, 24, 25 
Heat exchanger, 115 
Heat pump, 151, 165 
Heat value, 186, 331 
high, 188 ♦ 
low, 188 

Heating process, 44, 46, 165, 163 
Helmholtz function, 291 
Hopkinson, 209 
Humidity, 100 
absolute, 100 
reactive, 100 
specific, 101 
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Hydrogen, 183, 324, 327, 328 
Hydroxide, 324, 327, 328 

I 

Ice, 1 

Ignition, compression, 215, 223 
spark, 215, 219 
timing, 226 

Incomplete expansion, 155 
Indicator card, 156, 176, 177 
Injection timing, 226 
Intercooling, 170, 173, 233, 234 
perfect, 174 

Internal-combustion engine, 215 
Internal energy, 19, 32, 43, 55, 120 
of gases, 324-326 
of mixture, 103 

International Critical Tables, 182 
International temperature scale, 9 
Iron, 1 

Irreversible, 134 
Irreversibility, 139 
Isentropic, 71 
Isobaric, 65 
Isolated system, 127 
Isometric, 67 
Isothermal, 69 

J 

Jet propulsion, 256 
Jets, 256 

Joule^s experiment, 53 
Joule-Thomson coefficient, 296 

K 

Keenan, 48, 73 
Kelvin, 8, 141 
Keyes, 48 

Kinetic energy, 18, 32, 119 
Kinetic theory, 54 
Kleinschmidt, 180 

L 

Laminar flow, 240 
Latent heat, 23 


Laws of Thermodynamics, Avogadro’s, 
54 

Boyle^s, 53 
Charles^, 54 

corresponding states, 59 
Dalton's, 96 
First, 33, 141 
Joule's, 53 
Second, 140, 141 
Third, 45 

Leaving velocity, 268 
Liquefaction of vapors, 167 
Liquid region, 44 

Losses (see Friction; Heat, transfer of) 

M 

Mach lines, 255 
Mach number, 241 
Mackey, 111 
Manometer, 5 
Maximum orifice flow) 244 
Maximum work, 266, 291 
Maxwell relations, 45, 290 
Mean effective pressure, 223 
Mechanical equivalent of heat, 20 
Mediums, 1 
gaseous, 44, 52 
liquid, 44 
mixtures of, 96 
properties of, 42-53, 285 
saturated, 44 
solid, 44 

subcooled (compressed solid or liquid), 
47 

superheated, 44 
Mercury, 163, 322 
Methane, 324-328 
Mixtures, 96 
air-water, 99, 107, 110 
ammonia-water, 105, 115, 116, 323 
methane-carbon dioxide, 97, 106-108, 
329 

methane-pentane, 103 
Mole, 2, 54 
Molecular weight, 182 
Mollier diagram, 61, 130 
(See also Appendix) 

Monatomic gases, 324, 327, 328 
Multistaging, 170, 173, 175 



WDEX 


339 


N 

Nitric oxide, 324, 327, 328 
Nitrogen, 182, 324, 327, 328 
Nonflow process, 33, 35 
Nonsteady-flow process, 35 
Nozzle, 82, 250, 253 
turbine, 254 

O 

Octane, 189, 201, 205, 326, 331 
Optimum t urbine speed, 266 
Orifices, 242 

coeflicients for, 248 
pressure taps for, 248 
sharp-edge, 248 
well rounded, 248 
Orsat, 185 
Ostwald, 141 
Otto, 217, 219, 225 
Oxygen, 182, 324, 327, 328 

P 

Palmatier, 111 
Partial differentials, 291-301 
Partial pressure, 96 
Path functions, 27 
Perfect gas, 53 

deviation from, 58, 97, 288, 297 
Performance coefficients, 151 
Perpetual motion, 141 
Physics, 54, 111 
Pipe line, 83, 274 
Pipe-line friction, 275 
Pitot tube, 241 
Planck, 141 
Point function, 24, 143 
Poise, 241 
J'olytropic, 76 

Potential eneigy, 18, 32, 119 
intermolecular, 289 
Precooler, 231 
Pressure, 2 
absolute, 6 
barometric, 4 
critical, 44, 244, 247 
gage, 6 
gas, 3 
liquid, 3 


Pressure, mean effective, 223 
measurement of, 5 
receiver, 174 
static, 241 
total, 241 

Pressure shock, 253, 255 

Pressure taps, 248, 249 

Principles, Carnot, 122 
conservation of energy, 32 
conservation of mass, 116 
conservation of momentum, 240 
degradation of energy, 140 

Processes, 27, 64 
adiabatic, 71, 108 
air-conditioning, 112 
ammonia-absorption, 115 
ammonia-generation, 115 
analysis of, 38 
battery, 142 
boiler, 190 
calorimeter, 186, 187 
classification of, 64 
combustion, 182 
compression, 34, 65, 69, 71 
compressor, 78, 85, 131, 132, 138 
constant-enthalpy, 75 
constant-entropy, 71, 108 
constant internal-energy, 74 
constant-pressure, 44, 65 
constant-quality, 76 
const ant-temperature, 69, 107 
constant-volume, 34, 67, 106 
diffuser, 105, 131, 132, 250 
engine, 77, 78, 85 
expansion, 34, 202 
free, 35, 53 
filling, 88 
flow, 33 

friction, 126, 136, 138 
gas-turbine, 230 

heat-transfer, 78, 84, 126, 136, 139 
induction, 222 

internal-combustion engine, 215 

jet, 256 

mixing, 105 

nonflow, 33, 35, 64, 85 

nonsteady-flow, 35, 64, 85 

nozzle, 82, 250 

pipe-line, 83 
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Processes, polytropic, 76 
psychrometric, 109, 110 
pump, 153, 179 
ram-chamber, 250 
receiver, 88 
release, 85 
self-acting, 126, 129 
steady-flow, 34, 64, 77 
throttling, 81, 295 
turbine, 77, 295 

Properties of mediums, 42,47,50,52,53,285 
evaluation of, 43 
Psychrometer, 110 

Q 

Quality, 51 

R 

Radiant energy, 26, 32 
Ram chamber, 250, 257 
Rankine, 8, 152, 154 
Reactions, 183 
data for, 332, 333 
entropy change for, 332 
equations for, 183, 331-333 
jet, 256 

Receiver, 88 • 

Receiver pressure, 174 
Reduced coordinates, 59 
Refrigerants, 311, 321 
Refrigerating effect, 168 
Refrigeration, 165, 167, 169 
Refrigerator, 122 
Regenerative, 157, 232-234 
Regions, compressed liquid, 47 
gaseous, 44, 52 
liquid, 44 
perfect-gas, 53 
saturated, 44 
solid, 44 
subcooled, 47 
superheated, 44 
Reheating, 161, 175 
Relative humidity, 100 
Relative velocity, 264 
Release process, 85, 155 
time for^ 87 

Residual volume, 58, 290, 298 
Restrained expansion, 136 


Reversed cycles, 138, 140 
Reversibility, 139 
Reversible cycles, 140 
Reynold's number, 240, 276 
Rocket, 256 

S 

Saturated line, 44, 46, 47 
Saturated region, 44 
Saturation, 44 

Second Law of Thermodynamics, 140, 141 

Self-acting process, 126, 129 

Shock, 253, 255 

Sigma 7/ (2i7), 111 

Solid region, 44 

Solidification of liquids, 169 

Solution, 104 

Sonic, 241 

Source, 122 

Spark ignition, 215, 219 
Specific heat, 21, 55 
constant-volume, 21, 55 
constant-pressure, 21, 55 
equations of, 22, 295, 303 
mean, 22 
monaton ic, 22 
variable, 21 
Specific humidity, 101 
Specific voluiiiC, 2 
Specific weight, 2 
Spring, 12, 13 
Standard atmosphere, 304 
State, change of, 23, 27 
Steady flow, 34 
Subcooled, 47 
Sublimation, 44 
Subsonic, 241 
Supercharging, 228, 266 
Superheated, 44 
Supersaturation, 257 
Supersonic, 241 
Surface-roughness factor, 276 

T 

Tables (see Appendix) 

Temperature, 2, 7 
absolute, 8, 9 
adiabatic saturation, 109 
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Temperature, burned fraction, 209 
centigrade, 8 
critical, 44, 306 
Fahrenheit, 8 
international, 9 
Kelvin and, 8, 141 
measurement, 7 
Rankinc and, 8 
thermodynamic, 141 
total, 241 

Thermodynamics, definition of, 1 
First Law, 33 
Second Law, 140 

Third Law of Thermodynamics, 45 
Thermometers, 7 
dry-bulb, 110 
gas, 7 
mercury, 7 
scales, 8 
wet-bulb, 100 

Third Law of Thermodynamics, 45 
Throttling, 81, 115, 227 
Time, 87 
Turbines, 230 
blades of, 258 
force on, 260 
moving, 263, 265 
stationary, 250, 261 
combination, 272 
impulse, 266 

optimum speed for, 268, 260, 271 
pressure, 271 

pressure-compounding, 270 
reaction, 271 
velocity, 266 
single stage, 267 
two-stage, 269 
velocity compounding, 268 
Turbulence, 240, 276 
Two-stroke engine, 216 


U 

Unavailable energy, 124 
Units of energy, 308 
Universal Gas Constant, 4, 54 
Unrestrained expansion, 135 
Unstable equilibrium, 168 
Urban, 111 

V 

Vacuum, 7 

van der Waals, 288, 289 
Vaporization, 45 
Velocity, acoustic, 246 
diagrams, 263 
sonic, 246 
subsonic, 241, 246 
supersonic, 241 
Velocity compounding, 269 
Venturimeter, 254 
Viscosity, absolute, 241 
kinematic, 241 
Volume, 2 

Volumetric efficiency, 176 
W 

Water, 1, 306-310 

Water-vapor refrigeration, 94 

Weight, 2 

Wet bulb, 100 

Wile, 111 

Wiredrawing {see Throttling) 
W'ood, 1 
Work, 12, 32 
flow, 15, 119 
and friction, 128, 275 
mechanical, 15 
nonsteady-flow, 16 
steady-flow, 15 
Work diagrams, 12-14 
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Residual volume ffv b 



Chaiii F — Residual biLcinc Volume oi Methane (R H Olds H //. Reamer B H 
Sage and W N Lacey Voluvutru Bthaiio} of Metham Ind dL Lng Chem 35, 922, 1943) 
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Reduced pressure, Pp 
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Temperature,' 




























































































































































































Temperature .®F 


Chart K —Kinematic Viscosity ot Various Fluids {Daugherty, R L , ^'HydrauUca,** 
4th ed , McGiaw-Hill Book Company, Inc , Neu York, 1937 ) 








































































































































































































